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ON THE COVER

Research and development sponsored by the Department of Veterans
Affairs, Rehabilitation Research and Development Service, is featured on the
front cover. This research is being performed at the Manhattan VA Medical
Center, by Principal Investigator Vern Houston, Ph.D. The anterodistal view of
an unmodified plaster wrap cast measurement of a residual limb of a test
subject with a right AK amputation is shown electromechanically digitized
and is depicted on the left. Depicted in the right upper portion of the cover is
a drawing of a clinical application of the VA-Cyberware Optical Laser Digitizer
in measurement of the special geometry and surface topography of a residual
limb of a test subject with a right AK amputation. The Progress Report of this
study may be found on page 215. A complete and detailed paper is published
in the Journal of Rehabilitation Research and Development, Vol. 32 No. 1,
starting on page 55.

THE EDITOR

Cover design, illustration and production by Frank Vanni, Scientific and
Technical Publications Section, Rehabilitation Research and Development
Service, Department of Veterans Affairs, Baltimore, MD.
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I. Amputations and Limb Prostheses

A. General

(1] ADDITIVE FABRICATION TECHNIQUE FOR THE CAM OF PROSTHETIC

SOCKETS

Joshua S. Rovick, PhD; Dudley S. Childress, PhD

Prosthetics Research Laboratory and Rehabilitation Engineering Research Program, Northwestern University Medical School,

Chicago, IL 60611-4496

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#A711-DA)

PURPOSE—We seek to develop a device that can be
used with computer-aided design/computer-aided
manufacturing (CAD/CAM) systems to automatically
produce sockets for artificial limbs from quantitative
data. The device should not use intermediary steps in
fabrication (e.g., mold making), should use clinically
acceptable thermoplastics (e.g., polypropylene), and
should produce sockets in clinically practical times
(e.g., less than 1.5 hours).

METHODOLOGY—The system under development
builds sockets using a plastic deposition technique. A
plastics extruder melts raw plastic material and dis-
penses it through a nozzle. The moving dispensing
nozzle is under computer-guidance allowing plastic to
be deposited in thin layers of predetermined contour.
Multiple layers are deposited, one upon another, to
create the shape of the desired socket. The socket-
building process is automatic and executed in accor-
dance with the numerical data provided by a prosthet-
ics CAD system.

PROGRESS—The system has been prototyped and
tested using standard test methods to determine the
strength and the durability of the the fabricated sock-
ets. Two persons with trans-tibial amputation have
been fitted with sockets made using the prototype ma-
chine.

RESULTS—The prototype uses an extrusion welder
to melt and dispense plastic. The extruder is mounted
upon a computer numerically controlled (CNC) mill-
ing machine which manipulates the plastic bead dur-
ing deposition. The extruded plastic is forced through
an extrusion die with rectangular cross-section to form
a continuously flowing ribbon of melted plastic. Rib-
bon dimensions are 0.75 mm thick and 5 mm wide,
corresponding to the plastic layer thickness and socket
wall thickness. The layer spacing is sufficiently fine
to give the socket wall a smooth finish. A 9-in (22.86
cm) socket consisting of 300 layers can be fabricated
in 90 min.

Standard ASTM tensile specimens were used to
evaluate the experimental fabrication system using
two common prosthetics plastics; polypropylene
homopolymer (PPH) and polypropylene copolymer
(PPC). Specimens were prepared from rectangular
pseudosockets fabricated by the experimental device.
Tensile strengths of samples produced with the exper-
imental system were within the range of published
values for PPH and PPC. Specimen failure was not, in
general, at the interlaminar boundaries.

Fatigue tests were carried out wherein tensile
specimens were continuously and repetitively loaded
to determine service life of sockets produced with the
experimental system. For PPH, specimens underwent
“‘unlimited’’ (i.e., over 1,000,000) loadings at stress
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levels of 2250 psi or less, but showed ‘‘limited’’ life
above 2650 psi. For PPC, stress levels of 1550 psi and
below demonstrated ‘‘unlimited’’ life, while stress
levels of 1750 psi and higher have ‘‘limited’’ life.
Maximum fatigue stress levels in sockets were esti-
mated at 1330 psi using the Draft International ISO
Standard (ISO/DIS 10328-1) and typical socket di-
mensions.

Two sockets were fitted to persons with trans-
tibial amputation. The first socket was fit after tensile
strength testing but before tensile fatigue testing. That
socket was used for routine activities for 3 months and
then visually examined; no signs of mechanical failure
were found. The second socket was fitted after con-
cluding the fatigue tests and has been in use for a
period of 1 month. The subject continues to use the
test socket at the time of this writing and uses it
exclusively and for all activities.

A Request for Evaluation (RFE) is being pre-
pared for submission to the VA. If approved, the fab-
ricating device will begin a period of precommercial

evaluation with the goal of bringing the device to
market as a commercial product.

FUTURE PLANS—Production of clinically usable
prototype machines will begin upon approval of the
RFE or similar preproduction evaluation or develop-
ment proposal. Feedback from the use of these pre-
production units will be incorporated into the design
of socket fabricating machines for commercial re-
lease.

RECENT PUBLICATIONS FROM THIS RESEARCH

Additive fabricator for high-speed production of artificial limbs.
Rovick JS. In: Proceedings of the Fifth International Conference
on Rapid Prototyping, Dayton, June 1994.

New CAM technique for the direct automated fabrication of sock-
ets. Rovick JS. In: Proceedings of the Nineteenth Annual Meet-
ing of the American Academy of Orthotists and Prosthetists, Las
Vegas, March-April 1993.

Plastic deposition fabricator for the CAM of sockets: material
strengths and clinical experience. Rovick JS, Uellendahl J. In:
Proceedings of the Twentieth Annual Meeting of the American
Academy of Orthotists and Prosthetists, Nashville, March 1994.

[2] SOFTWARE AND EQUIPMENT DEVELOPMENT FOR IMPROVED

COMPUTER-AIDED PROSTHETIC SOCKET DESIGN

Vern L. Houston, PhD, CPO; Jennifer J. Whitestone, BSBE; Carl P. Mason, MSBE; Edward J. Lorenze, MD; Michael W.
Vannier, MD; Kenneth P. LaBlanc, BS, CPO; Mary Anne Garbarini, MA, PT; Hans R. Lehneis, PhD, CPO

VA Medical Center, New York, NY 10010

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#A795-DA)

PURPOSE—The objective of this project is to de-
velop clinically effective and efficient equipment and
software enabling computer-aided design and manu-
facture (CAD/CAM) of more intimately fitting, com-
fortable, and functional prosthetic sockets for US vet-
erans with below-knee amputations.

METHODOLOGY—To achieve this objective, the
following research protocol has been established:

1) Develop transducers and instrumentation to measure
socket/residual limb interface stresses for analysis of re-
sidual limb tissue loading as a function of socket design
geometry and material.

2) Develop software for automatic detection, identifica-
tion, and registration of anatomical landmarks from opti-

cal digitizer camera output intensity measurements for
input to and use in CAD design.

3) Adapt a commercial, diagnostic ultrasound unit for
digitization and characterization of below-knee amputees’
residual limb skeletal, tendonous, and ligamentous mor-
phology.

4) Develop software for integration of optically digitized
residual limb surface measurements and ultrasonically
digitized subsurface measurements.

5) Develop models of, and instrumentation to measure,
the nonlinear, nonstationary, nonhomogeneous, aniso-
tropic, viscoelastic behavior of soft tissues for prediction
and analysis of stress distributions in residual limb tissues
subjected to static and dynamic prosthetic loads.
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PROGRESS—A 1360 element force-varying resis-
tive transducer for measurement of socket/residual
limb interface normal and gradient shear stresses has
been designed and fabricated. Comprehensive labora-
tory testing of the ‘‘P-Scan’’ measurement system in-
corporating this transducer has been conducted. De-
sign refinements to improve the performance of the
transducer and P-Scan system are being implemented.
Clinical tests with the P-Scan system with two sub-
jects with BK amputation have been performed. Pros-
thetics CAD software for analysis and visualization of
the resulting measurement data is being developed.

Laboratory tests have been conducted with the
NY VAMC Department of Radiology clinical diag-
nostic ultrasound unit. A prototype stepper motor
driven scanning fixture has been fabricated, and ultra-
sonic measurements of a test subject’s residual limb
and three nonamputee control subjects’ lower limb
segments have been performed. From the results of
these tests, specifications for a prosthetics ultrasonic
digitizer have been formulated.

An image processing algorithm for automatic re-
sidual limb landmark detection from optical digitizer
camera output intensity information has been devel-
oped. An artificial intelligence blackboard pattern rec-
ognition algorithm for automated landmark detection,
identification, and registration from integrated optical

[3] LIGHTER WEIGHT ELECTRIC PREHENSOR

Amputations and Limb Prostheses

and ultrasonic residual limb measurements is being
investigated.

A nonlinear, biphasic viscoelastic model for char-
acterization of the nonlinear, nonstationary, nonhomo-
geneous, anisotropic, viscoelastic mechanical proper-
ties of bulk, soft tissues is being investigated. Tests
with a prototype indentor for measurement of the me-
chanical properties of soft tissue are being conducted,
and compared with the results predicted by the nonlin-
ear, biphasic viscoelastic model.

FUTURE PLANS—Refinement and enhancement of
the project P-Scan transducer and stress measurement
system shall continue. Firmware for quantitative CAD
system feedback of socket design of socket/residual
limb interface stresses resulting from given socket de-
signs and materials shall be developed. Construction
and testing of a prototype prosthetics ultrasonic digi-
tizer is planned. In addition, utilization of the results
and knowledge obtained in this project, together with
results obtained by the investigators in their other re-
search in tissue mechanical property charactcrization,
measurement of static and dynamic loading, and
foot/ankle biomechanics, is planned for development
of new, improved, biomechanically based CAD socket
designs.

Dudtey S. Childress, PhD; Edward C. Grahn; Craig W. Heckathorne
Northwestern University, Rehabilitation Engineering Program, Chicago, IL 6061}

Sponsor: National Institute on Disability and Rehabilitation Research

PURPOSE—One of the most effective configurations
for a transhumeral prosthesis is the hybrid prosthesis,
which combines a cable-actuated, body-powered
elbow and an electric-powered prehension device. The
cable linking the elbow to the movement of the physi-
ological shoulder provides direct control the position,
speed, and acceleration of the elbow, as well as per-
ception of those quantities through the proprioception
of the shoulder. The electric-powered prehension de-
vice produces high grip forces; these are in excess of
89 N at the fingertips compared to the maximum of 22
or 27 N possible with a cable-actuated split hook. The
electric prehensor also allows maintenance of low

forces (for delicate handling) without physiological
effort to sustain the gripping force. A body-powered
voluntary opening prehensor always requires physio-
logical effort to maintain grip forces below the maxi-
mum possible. The powered prehensor and body-
powered elbow enable prehension and elbow function to
be independent, making simultaneous action possible.
The hybrid configuration is typically not appro-
priate for persons with short residual limbs because of
the high forces associated with flexing the mechanical
elbow against the weight of the electric prehensor. As
a consequence, it is often necessary to utilize an elec-
tric elbow with this level of amputation or to use a
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complete body-powered prosthesis with a lightweight
mechanical prehensor (having low gripping force). Al-
though there have been advances in cable-actuated
control of electric elbows, clinical implementations of
these systems have yet to achieve the refined control
possible with cable-actuated body-powered elbows.

We are proposing to develop a lighter-weight
electric prehensor (LEP) that will make possible the
fitting of the hybrid configuration to a broader range
of persons with upper-limb amputations, especially
persons with short transhumeral limbs.

METHODOLOGY—The LEP will be based on the
design of our laboratory’s intermediate-size electric
prehensor (ISEP). The ISEP was derived from the
design of our synergetic prehensor (SP) but intended
for older children and adolescents. This prehensor
used 10X Hosmer Dorrance hook fingers rather than
thc APRL hook fingers of the SP. The ISEP also had
lower performance characteristics in comparison to
the SP, so as to achieve a smaller package and simpler
mechanical arrangement. It was capable of producing
a prehension force of 44 N at the finger tips.

To develop the LEP for adults, the hook-like fin-
gers of the ISEP will be converted from the #10
(child) to the #5 (adult) size. The gear drive will be
modified to produce a maximum grip force of at least
44 N at the tips of the longer hook fingers. Speed of
fingcr movement, which is approximately 40°/sec

[4] LOADS IN A PROSTHETIC PYLON USING STRAIN GAUGES

C.T. Vaithianathan; M.R. Stewart; T.I. Brown

with a 6-volt battery (65°sec with a 9.6-volt transis-
tor-type battery), may have to be reduced to achieve
the specified grip force while maintaining low weight.
If reduction is necessary, slower finger closing speed
is believed to be an acceptable tradeoff for higher grip
force.

With the #5 size hook fingers, we expect the LEP
to weigh 230 gm, two-thirds the weight of the Steeper
Powered Gripper or Centri Ultralite Hand. In a typical
adult transhumeral prosthesis with a body-powered
elbow, it would require less than 1.7 Nm to flex the
elbow against this weight at the end of an adult-size
forearm.

PROGRESS—A preliminary design for the LEP has
been completed. The finger speed is estimated at 0.93
radians/second (53.2°/second) and the grip force at the
tips is expected to be 11.1 pounds (49.4 N). Maximum
opening at the finger tips will be 4.0 inches (101.6
mm), the same as the 5XA split hook.

Part drawings for the prehensor have been com-
pleted, and we are fabricating two units to be used in
our initial evaluation.

FUTURE PLANS—Our first test subject had been an
evaluator of the earlier ISEP and has continued to use
this device since 1989. The evaluation period will be
3 months. The next phase of the project will depend
on the outcome of this first evaluation.

Rehab Tech, Caulfield General Medical Centre, Caulfield, Victoria 3168, Australia

Sponsor: None listed

PURPOSE—A realistic measurement of the forces
transferrcd to the residual limb via the prosthetic
socket needs to be known. As there are only rigid
connections between the socket and the pylon, a
method to measure these forces was devised concen-
trating on strain measurement at the pylon.

METHODOLOGY—Using a strain gauge direct con-
nect card that provided signal conditioning, 10 strain
gauges were configured on a standard 30 mm alumin-
ium prosthetic pylon. The configuration was designed

to provide axial load, torsion, anterior/posterior bend-
ing moment at the distal end of the pylon, ante-
rior/posterior bending moment at the proximal end of
the pylon, and distal medial lateral bending moment.
A single 30-way ribbon cable connected the
strain gauges to the data acquisition card. Real time
data analysis was obtained using LabTech
Notebooksoftware, which includes software program-
mable gains, and the acquired data were displayed in
graphical format. The data can also be stored in ASCII
format for further analysis. A data logger would pro-
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vide a more mobile system, removing the limitations
of the cable.

This system was fitted to a 290 mm long pylon. It
is possible to mount these strain gauges on a shorter
pylon, where the minimum length is approximately 50
mm between the pylon adaptors. After calibration the
pylon was fitted onto a trans-tibial endoskeletal pros-
thesis.

RESULTS—Initial results compared well with litera-
ture. It was also tested on the Rehab Tech fatigue
machine, which mimics normal gait.

Amputations and Limb Prostheses

IMPLICATIONS—The forces measured can be used
to determine the shock absorption properties of pros-
thetic feet, as well as the component forces in relation
to proposed ISO standards forces while running. It
will also provide the actual forces at the distal end of
the socket, useful for FEA (Finite Element Analysis)
of the socket. The advantage of using strain gauges
instead of load cells is that there is no need to modify
the prosthesis, while the properties of the pylon re-
main unchanged.

[5] ASSESSMENT OF THE ACCURACY AND RELIABILITY OF THREE HAND-HELD

INFRA-RED TEMPERATURE PROBES FOR CLINICAL USE

A.K. Nunn, MBBS, FAFRM, (RACP); T.J. Churchward

Amputee Unit, Caulfield General Medical Centre, The Alfred Group of Hospitals, Melbourne, Australia

Sponsor: None listed

PURPOSE—The accuracy and reliability of an indus-
trial infra-red temperature probe (Fluke 80T-IR) were
compared to those of two similar probes in current
clinical use (First Temp Genius and Invotech Bio-
therm).

METHODOLOGY—The accuracy was determined
using a Platinum Resistor Temperature Sensor (PRT)
as a reference. Reliability was also examined in the
short term (reading to reading) and the medium term
(day to day). The probes were assessed across the
biological range (24 to 40°C).

RESULTS—The average accuracies of the probes
were First Temp (-1.9°C), Invotech (-1.2°C) and
Fluke (+3.7°C). Reliability was expressed as standard

deviation of results. The overall standard deviations
were First Temp (0.7°C) Invotech (0.7°C) and Fluke
(0.9°C).

IMPLICATIONS—Where the highest degree of ac-
curacy is required, the Fluke would not be a suitable
replacement for the clinical devices across the biolog-
ical range of temperatures. However, the Fluke may
be a worthwhile cheap alternative to the First Temp
and Invotech devices as it is less than half the price of
the other two temperature probes. It also can be used
at higher temperatures (up to 260°C) such as those
found in prosthetic manufacturing processes. This
study provides a basis for skin and socket temperature
studies clinically, including the area of prosthetics and
orthotics.
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[6] SKIN PERFUSION PRESSURE RESPONSE MONITOR

A.K. Nunn, MBBS, FAFRM, (RACP); P. Disler; R. A. Westerman; M. Denison; D. Stone; T. J. Churchward, Maskiell Fellow
Amputee Unit, Caulfield General Medical Centre, The Alfred Group of Hospitals, Melbourne, Australia; Monash Rehabilitation
Technology Research Unit (REHABtech), Caulfield General Medical Centre, Caulfield, Victoria 3168, Australia; Department of
Rehabilitation Medicine, University of Melbourne, Royal Melbourne Hospital, Victoria, Australia; International Diabetes Institute,
Caulfield, Victoria, Australia; Department of Biomedical Engineering, The Alfred Group of Hospitals, Victoria, Australia

Sponsor: None listed

PURPOSE—An instrument to apply known pressures
to the skin was required, to measure re-perfusion be-
havior of small blood vessels in skin. Design criteria
included: low cost; simple operation; accuracy; reli-
ability; incorporation of Laser Doppler Flowmetry;
operation across the biological range of pressures; and
applicability to a variety of body sites.

PROGRESS—The resulting design consists of a
pneumatic circuit, pressure transducer, chart recorder,
mercury manometer, housing for blood flow and tem-
perature probe, and a stand to rest subject’s upper
limb on. The pressure is applied vertically to the limb
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that rests horizontally on the stand. Pressure can be
applied or released as required. A continuous output
of local pressure, blood flux and temperature is ob-
tained at the same point. The blood flux and tempera-
ture readings are acquired using a Moor Instruments
DRT4 Laser Doppler Perfusion and Temperature
Monitor.

IMPLICATIONS—This device facilitates a wide
range of research projects. It will initially be used to
establish a skin re-perfusion response, or stress test in
controls. Subsequent projects would then involve var-
ious patient groups.

[7]1 DIRECT MUSCLE ATTACHMENT: MULTIFUNCTIONAL CONTROL

OF HANDS AND ARMS

Dudley S. Childress, PhD; Edward C. Grahn; Craig W. Heckathorne, MS; Jack Uellendahl, CPO; Richard F. ff. Weir, MS;

Yeongchi Wu, MD

Northwestern University, Prosthetics Research Laboratory, Chicago, IL 60611

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#A306-4DC)

PURPOSE—To achieve a significant improvement in
the function of electric-powered upper-limb prosthe-
ses, we believe it is necessary to develop better con-
trol interfaces with inherent sensory feedback. We
suggest that small tunnel cineplasties, or other surgi-
cal procedures such as the tendon exteriorization cine-
plasty developed by Robert W. Beasley M.D., which
externalizes the force and excursion of the muscle,
can provide this superior control. The muscle would
be connected to the prosthetic component through a
controller that embodies Dr. David C. Simpson’s con-
cept of extended physiologic proprioception (EPP).

The physiological sensory feedback inherent in the
skin, muscle, and other tissues of the cineplasty would
inform the user of the state of the prosthesis in a
somewhat subconscious and natural manner. For per-
sons with long transradial amputations or wrist disar-
ticulations, we envision multiple tunnel cineplasties
(small) or exteriorized tendons, each with an EPP con-
troller, providing independent multifinger control of
hand prostheses. At higher levels, such as the short
transhumeral or shoulder disarticulation level, small
pectoral or deltoid tunnel cineplasties could augment
existing control sources to improve control of multi-
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functional total arm prostheses. The goal of this re-
search was to quantify the control capabilities of sub-
jects with pre-existing tunnel cineplasties and to de-
velop prostheses to test these ideas.

PROGRESS—AIl the control quantification experi-
ments have been completed. Three subjects with bi-
ceps tunnel cineplasties and a single subject with two
forearm tendon exteriorization cineplasties took part
in our experiments. Fifteen subjects with biceps tunnel
cineplasties were located who were willing to partici-
pate in our research. Of these, three participated in the
current study. Additionally, one subject who has two
tendon exteriorizations of forearm muscles was also
tested. The testing procedure consisted of having the
subjects perform pursuit tracking of a randomly mov-
ing target displayed on an oscilloscope screen. Using
movement of the cineplastized muscle to control a
follower, they attempt to match the path of the target.
A mathematical relationship between the follower’s
and target’s paths provides a measure of control per-
formance. With this measure, dynamic control capa-
bility of the tunnel cineplasty was compared with
other control methods. Pursuit tracking was repeated
using glenohumeral flexion and a conventional above-
elbow control harness, and again using the subject’s
contralateral elbow. Blind positioning experiments
were performed to quantify static positioning capabil-
ity in comparison to other control methods. Finally,
the characteristics of each subject’s tunnel cineplasty
were recorded for isometric and isotonic muscle con-
tractions.

We have also developed a prototype EPP electric
hand prosthesis for the subject with the exteriorized
tendons. Control cables from the tendon tunnels are
linked to the hand’s mechanism. Contraction of the
flexor muscle closes the hand and contraction of the
extensor muscle opens it. The device requires approx-
imately 6 mm of tendon excursion and a range of 225
to 500 grams-force for operation.
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RESULTS—Our results for the pursuit tracking ex-
periments show that the dynamic performance of the
muscle tunnel is statistically similar to that of the
conventional control harness. Tracking performance
with the intact contralateral elbow was superior to
both.

For the blind positioning trials, the static posi-
tioning capabilities of the elbow, cineplasty, and gle-
nohumeral flexion with harness were the same and
showed no bias. Without vision, there was a tendency
for subjects to overshoot the closest target and to un-
dershoot the furthest target. The accuracy, or bias, of
the contralateral elbow, without vision, was superior
to either the cineplasty or the glenohumeral flexion
with harness. The biases for the cineplasty and gleno-
humeral flexion with harness were similar, with the
cineplasty showing more scatter.

Within the context of prosthesis control as a
whole, work done in our laboratory in 1984 by James
Doubler showed the superiority of position control
over velocity control in pursuit tracking tasks. Our
new results show that control by tunnel cineplasty is
as good as control using glenohumeral flexion with a
harness. This indicates that control by tunnel cine-
plasty should, as a consequence of Doubler’s work, be
superior to velocity-control techniques. In addition,
tunnel cineplasty offers a number of advantages over
control using glenohumeral flexion and conventional
harness arrangements. Tunnel cineplasties, or exteri-
orized tendons, in conjunction with electronic EPP
controllers may provide both force and excursion am-
plification while retaining a physiologically appropri-
ate proprioceptive sense of position, velocity, and
force; they may eliminate the need for proximal
harnessing and consequent encumbrance of an other-
wise intact physiological joint for certain prosthetic
configurations; they may provide an additional control
source to supplement other, more conventional control
sources in the fitting of total arm prostheses; and they
may make possible the direct control of individual
fingers in prostheses for persons with wrist disarticu-
lation or long transradial amputations.
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[8] IMPROVING PROSTHETIC PREHENSION

Lawrence E. Carlson, DEng

Department of Mechanical Engineering, University of Colorado, Boulder, CO 80309

Sponsor: National Center for Medical and Rehabilitation Research, National Institutes of Health

PURPOSE—The purpose of this research is to im-
prove both body-powered and externally powered pre-
hensors. Because the current grant has expired, addi-
tional funding will be explored to bring these devices
closer to the clinical arena. Projects include:

Vector prehensor. We are developing a voluntary opening
prehensor with grip force which can be easily adjusted to
the demands of the task, improving efficiency of grasping
and reducing mechanical energy demands.

Variable mechanical advantage (VMA) prehensor. We
are also developing a voluntary-closing device with en-
hanced gripping efficiency (i.e., rapid sizing with minimal
cable excursion coupled with large grip force generation).
General prehension research. We are seeking im-
provements to prehension applicable to any type of pre-
hensor, including anthropomorphic fingers with non-
linearly compliant structure and variable hardness finger
materials.

Quantification of prehensor performance. We explore
methods to quantify grasping performance in the labora-
tory, including the degree of force and torque that can be
effectively applied.

RESULTS—Recent work has focused on vector pre-
hensors. The first prototype, reported on in a previous
progress report, performed well and was positively
evaluated in field testing by three amputees. However,
the device was too bulky because it utilized conven-
tional prosthetic elastic bands. In order to minimize
prehensor bulk, we have been developing custom elas-
tomeric power modules which can provide high ten-
sion in a minimal volume. Target specifications are
for a unit with a spring rate of 75 lbs/inch (13.39
kg/cm) which will fit within a volume measuring
0.375 in by 0.75 in by 1.3 in (1.9%3.3x0.95 cm). Ma-
terials tested include natural rubber, neoprene, and

polyurethane in a variety of geometries and material
formulations. Preliminary work has produced units
which can meet the stiffness and volumetric require-
ments, but so far have inadequate fatigue life.

Two new prototypes have been designed and fab-
ricated. The Vector Grip is comparable in size and
configuration to the TRS Grip II, a voluntary-closing
prehensor. Like its predecessor, it generates a tip grip
force from 1 to 15 Ib. (0.45 to 6.8 kg), depending on
the setting of an easily adjusted lever. This range of
grip force allows an amputee to hold a tomato for
slicing in the lowest setting and do demanding physi-
cal tasks in the highest setting.

The Vector Hook has canted hook-shaped fingers
and is comparable in volume to the Sierra Two-Load
Hook. It uses the same power modules and adjusting
mechanism as the Vector Grip and has comparable
grasping performance.

FUTURE PLANS—We believe that the vector con-
cept is one that offers significant functional advan-
tages to wearers of voluntary-opening body-powered
prehensors. Therefore, future plans will focus on pro-
ducing prototypes that can be evaluated clinically on a
more comprehensive basis. Specific improvements are
required to make the prehensors more reliable and
cost effective. Further research and development of an
elastic power module with longer fatigue life would
address the first issue, and redesign with an emphasis
on manufacturability would address the second.

RECENT PUBLICATIONS FROM THIS RESEARCH

Body powered prehensor with variable mechanical advantage.
Frey DD, Carlson LE. Prosthet Orthot Int, 1994:18:118-23.
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[9] ELECTRIC HUMERAL ROTATOR

Amputations and Limb Prostheses

Dudley S. Childress, PhD; Edward C. Grahn; Craig W. Heckathorne; John S. Strysik
Northwestern University, Rehabilitation Engineering Program, Chicago, IL 60611

Sponsor: National Insiitute on Disability and Rehabilitation Research

PURPOSE—It is recognized in prosthetics practice
that humeral rotation\Minward and outward rotation
of the forearm along the axis of the humeral sec-
tion\Mis generally helpful to the person with a unilat-
eral amputation at a level above the elbow and essen-
tial to the person with bilateral amputations.
Currently, this motion is achieved using a passive ro-
tating friction joint proximal to the elbow mechanism.
Positioning of the joint is done manually if an intact
limb is present, or by pushing the forearm of the
prosthesis against objects in the environment. Our
goal is to develop an electric-powered humeral rotator
so that the forearm and prehensor of a trans-humeral
or shoulder disarticulation prosthesis can be posi-
tioned independently by the user. Positioning would
be possible at any elbow angle, during dynamic activ-
ities, and without pushing or pulling the forearm
against external objects. The rotator would also enable
persons with high-level bilateral amputations to move
their forearms inward or outward simultaneously, to
bring the prehensors together, or to separate them.
This capability would make bimanual manipulations
more practical and easier to perform.

METHODOLOGY—The rotator design utilizes mul-
tiple, miniature, permanent-magnet, DC gearmotors to
provide active powered rotation and powered locking.
Two gearmotors driving (in parallel) an internal gear
attached to the proximal plate of an elbow component
provide torque for positioning the forearm. A third
gearmotor drives a single-lead worm that mates with a
worm gear attached to the shaft of one of the drive
motors. When humeral rotation stops, this third motor
and geartrain provide positive locking against further
motion. The design parameters are a no-load output
speed of 1.2 radian per second and a stall torque of 2.3
N-m. A high-friction coupling provides a safety
‘‘breakaway,’’ allowing the forearm to rotate if exter-
nal forces, such as from falling on the prosthesis, are
greater than 8.1 N-m.

The rotator design can be used with either body-
or electric-powered elbows. It can be accommodated
in prostheses for short transhumeral or higher-level
amputations and can be used unilaterally or bilater-
ally.

PROGRESS—A laboratory test stand has been fabri-
cated to simulate the multimotor humeral rotator. The
motors, gearheads, bearings and gear-trains are identi-
cal to those planned for the actual rotator. This simu-
lated rotator has been operated at various loads and
input voltages to determine its optimum operating pa-
rameters.

The tests indicate that the system functions at its
highest efficiency when the locking-motor operates at
a slightly lower voltage than the drive-motors. When
the control circuitry was modified to accommodate
this characteristic, the system efficiency remained
nearly constant at varying input voltages.

On the basis of the test stand results, a prototype
rotator has been constructed that could be incorpo-
rated into a prosthesis. The completed prototype has a
maximum no-load speed of approximately one radian
per second (at 7.5 volts). We are presently testing the
prototype rotator to verify that its efficiency (with the
electronic control circuit) is similar to the efficiency
measured on the test stand mechanism.

FUTURE PLANS—If our laboratory tests confirm
that the performance of the humeral rotator meets the
design criteria, we will proceed with development of a
second, lighter-weight prototype. Most of the weight
reduction will be accomplished by removing material
from the rotator housing. This prototype will be used
for a preliminary clinical evaluation by a single indi-
vidual. This subject’s experience will determine if any
design changes are needed before we proceed with
additional, longer, clinical trials.
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[10] CLINICAL AND LABORATORY STUDY OF AMPUTATION SURGERY AND

REHABILITATION

David A. Boone, CP; Gayle E. Reiber, MPH, PhD; Douglas G. Smith, MD
Prosthetics Research Study, Seattle, WA 98122; VA Medical Center, Seattle, WA 98108

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#A092-7RC)

PURPOSE—The mission of the Prosthetics Research
Study (PRS) is to advance and improve the care for
veterans having, or at risk of, limb loss. We are pro-
viding this service to the field of amputations and
prosthetics by engaging in fundamental prosthetics re-
search, clinically implementing new technologies, and
providing education in state-of-the-art techniques. Our
research objectives fall into four main areas: auto-
mated fabrication of mobility aids (AFMA), amputa-
tion management, assessment of functional outcomes,
and treatment of the limb at risk. Current projects at
PRS involve the development of: 1) an AFMA train-
ing center, 2) tools for alignment and cosmesis design
and fabrication within the AFMA system, 3) a video
gait simulator of amputee gait patterns, 4) a system
for the automated fabrication of insoles/footwear for
diabetics, 5) postoperative AFMA protocols, 6) tools
for functional outcome evaluation, and 7) a gait activ-
ity monitor for clinical use.

PROGRESS—1) AFMA Training Center: To achieve
the goal of technology transfer of the AFMA system
to the VA clinical service, we developed the PRS/VA
AFMA training program. This training program in-
cluded a 5-day, intensive course of formal instruction
at our center, followed by a personal 3- to 5-day on-
site visit to each of the students’ clinical facilities.
PRS has now trained 46 VA prosthetists, and directly
assisted 31 new VAMC sites with the installation of
AFMA, and the incorporation of AFMA in patient
care.

2) AFMA Aligninent and Cosmesis: To achieve the goal of
improved automation of alignment and prosthetic cosme-
sis, software has been completed and tested which allows
for bench alignment of prosthetic sockets using a com-
puter. The software directly imports VA/Seattle
ShapeMaker socket files and then allows the user interac-

tive control of the alignment fixture distal to the socket.
Measurement of the alignment is made relative to the
surface position of the two-point landmark of the long
bone contained in the socket, for example, femur, tibia,
humerus. The user has discrete control of alignment in
adduction or abduction angle as well as translation in the
A-P or M-L planes. Prototype software to automate the
design of the cosmesis for an AFMA prosthesis is now
being tested and refined.

3) Video Gait Simulator: To improve the teaching and
understanding of amputee gait, and prosthetic alignment,
the first version of the video gait simulator of amputee gait
has been completed. It provides a computer simulated gait
training area for the user to interact with a tireless virtual
patient. The user can adjust alignment of a prosthesis on
the computer screen and instantly see pre-recorded video
of the amputee with that alignment. For training, this
system can present to the student an amputee with various
gait deviations for the student to correct. Multiple patients
and pathologies can be represented on a single computer
compact disk (CD-ROM) for widespread inexpensive dis-
tribution. CD-ROM disks of the above-knee simulator
will be made this year for testing by interested parties.

4) Automated Insole Design and Fabrication: Veterans
with diabetes mellitus who lack foot sensation are at in-
creased risk for foot ulcers and amputations. Our data
indicate improper footwear precipitates many diabetic
foot ulcers. To address this problem, we have developed a
foot digitizer which provides a 3-D plantar foot image. By
extending the principles of the AFMA system to the foot,
we have developed templates that correspond to foot
structures and contours, and can now make custom, milled
insoles. Our current insole design fits exactly with the
prototype shoe we have developed in conjunction with
NIKE over the last year, specifically for diabetic males
with foot insensitivity. Pilot testing of the shoes and in-
soles is ongoing.
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5) Postoperative AFMA Protocols: We are writing a re-
vised edition of the PRS VA Amputee Management Text
of 1969 and are currently preparing for publication on
CD-ROM format. The surgical techniques sections have
been written by Drs. Smith and Burgess. Schematic draw-
ings are complete, and new intraoperative and postopera-
tive photographs are currently being taken. We will add
sections on preoperative considerations, early postopera-
tive techniques (weeks 1\N8), and first year prosthetic
techniques. Early and first year prosthetic techniqucs will
cmphasize AFMA protocols.

6) Functional Outcome Evaluation: We are crcating new
questionnaire-based instrumcnts to better evaluate the
functional outcomes of amputation surgery and prosthetic
intervention. After completing focus group interviews and
individual interviews of amputees, wc constructcd our
first draft of the visual analog based scales to evaluatc
amputations, prosthetics, and general health. After the
drafts wcre piloted on 10 amputation clinic patients, our
multidisciplinary team modified the tools by refining in-
structions, verbiagc, and format. Wc have collected addi-
tional data on a formal pilot survey of 25 amputces, but
have not yet analyzed this data. We have completed a
system of automated computer data entry from the visual
analog scales and the SF-36 forms.

7) Gait Activity Monitor: To achieve our goal of improved
objective measurement of gait in nonlaboratory, real
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world conditions, we have devecloped the Gait Activity
Monitor. Two working prototypes underwent repeated
tests for accuracy and reliability. Specifications wcre es-
tablished for the next generation prototype to bc fabri-
cated. Methods for analyzing and interpreting Gait Activ-
ity Monitor output have been developed. Testing of a final
prototype will begin upon reccipt of thc new device.

RECENT PUBLICATIONS FROM THIS RESEARCH

Automated fabrication of mobility aids: review of the afma pro-
cess and va/scattle shapemaker software design. Boone DA,
Harlan JS, Burgess EM. J Rehabil Res Dev 1994:31(1)42-9,

Does awarceness of high risk status for lower extremity amputation
alter patient and provider foot care practice? Del Aguila M,
Reiber GE. Koespell TD. Diabetes Care 1994:17:1050-4.

Who is at risk of limb loss and what to do about it? Reiber GE. J
Rehabil Res Dev 1994:31(4)357-62.

Amputations. Smith DG, Burgess EM. In: Harry Skinner, ¢d. Cur-
rent orthopaedic diagnosis and treatment. Norwalk: Appleton &
Lange: In press.

Numerical comparison of 3-d shapes: application to the insensate
toot. Borchers RE, Boone DA, Joseph AW, Smith DG, Reiber
GE. J Prosthet Orthot. In press.

Prosthetic history, prosthetic charges, and functional outcome of
the isolated, traumatic below-knee amputee. Smith DG, Horn P,
Malchow D, Boone DA, Reiber GE, Hansen ST. J Trauma. In
press.

[11] DEVELOPING A BIOMECHANICAL MODEL OF THE INTERFACE BETWEEN
THE RESIDUAL LIMB AND THE PROSTHESIS FOR TRANS-FEMORAL AMPUTEES

Peter V.S. Lee; William D. Spence; Stephan E. Solomonidis
Bioengincering Unit, University of Strathclyde, Glasgow, UK

Sponsor: Engineering and Physical Sciences Research Council

PURPOSE—This program of research will be di-
rected toward the generation of a finitc element (FE)
model of the residual limb of an amputee. Such a
model would be capablc of predicting thc pressurc
distribution at the patient/prosthesis interface. The
benefit in having this knowledge would be the ability
to predict quality of socket fit prior to manufacture.
This should allow a rcduction of fitting errors and
hence improve delivery of service to thc physically
disabled population.

METHODOLOGY—Thc authors have collaborated
with thc Institue of Neurological Sciences at thc
Southern General Hosipital in Glasgow to obtain geo-
metrical detail of the residual limb using magnctic
resonance imaging (MRI) tcchniques. Six trans-fcmo-
ral amputees will participate in this study, which will
include MRI scans, providing enhanced geometrical
descriptions for the creation of FE models.

The actual loading on the amputces’ lower limbs,
during standing and during gait, will be obtained



12

Rehabilitation R & D Progress Reports 1994

using force platforms and a motion analysis system.
These realistic loading and boundary conditions will
act as input to the FE model. The FE models created
will be verified by measuring interface pressures be-
tween the socket and the residual limb using specially
adapted strain gauge transducers.

PROGRESS—Currently patients are being selected
for inclusion in this study.

RECENT PUBLICATIONS FROM THIS RESEARCH

Mcchanical behaviour of amputee stump/socket using finite ele-
ment method. Lee VS, Solomonidis SE, Paul JP. 1n: Proceed-
ings of the International Society of Biomechanics X1Vth Con-
gress; July 1993. Paris, 1993:774-5.

Biomechanical modelling of the interfacc between residual
limb/prosthesis interface for transfemoral amputces unsing finite
clement analysis. Lee VS, Solomonidis SE, Spence WD. In:
Proceedings of the 8th International Conference on Biomedical
Engincering; Dcc 1994. Singapore, 1994:333-S.

Gcneric geometrical model of the femur using anthropomectric
scaling. Lee VS, Solomonidis SE, Spence WD. In: Proceedings
of the 8th International Conference on Biomedical Engineering;
Dec 1994. Singapore, 1994:502-4.

[12] DYNAMIC RESPONSE PROSTHETIC FEET AND THEIR ROLE IN HUMAN

AMBULATION

Dudley S. Childress, PhD; Erick H. Knox

Northwestern University, Rehabilitation Engineering Program, Chicago, IL 60611

Sponsor: National Institute on Disability and Rehabilitation Research

PURPOSE—The primary objective is to understand
the role of dynamic response prosthetic feet in trans-
tibial prosthetic gait and to determine how the me-
chanical characteristics of footwear affect this role.
This understanding will allow prosthetists to prescribe
prosthetic feet more objectively, more accurately, and
with greater cost effectiveness. Additionally, this
knowledge may indicate ways to improve foot design.

METHODOLOGY-—Methods for foot characteriza-
tion and amputee walking trials have been established.
A specially designed prosthetic foot-loading appara-
tus, consisting of a steel support frame, prosthetic foot
mounting jig, and wooden loading beam, was used to
perform characterization studies. Foot deflection, and
the magnitude and location (center of pressure) of the
applied force were obtained from dynamic and quasi-
static tests on 11 different prosthetic foot types in
several orientations of contact.

A single subject with a unilateral trans-tibial am-
putation walked with seven different prosthetic foot
conditions: five different foot types (Flex Foot,
SACH, Seattle Lightfoot, Carbon Copy 111, and Reflex
VSP), and an additional keel stiffness variation with
two of the feet (Seattle Lightfoot and Carbon Copy
III). The goal was to characterize the center of pres-
sure progression and the kinematics of foot shape dur-

ing prosthetic stance phase. Three-dimensional data of
three markers placed on the prosthesis, and ground
reaction forces were measured during self-selected
walking trials.

PROGRESS—Static and dynamic characterization of
11 prosthetic foot types has been completed for 3
foot/ground contact orientations: heel contact (-15°
shank angle), heel off (0° shank angle), and forefoot
(+15° shank angle). Data acquisition has been com-
pleted on the amputee walking trials. Analysis of the
data is continuing.

RESULTS—The foot characterization results include
force versus deflection and center of pressure versus
force graphs, and a table containing the calculated
damped resonant frequency, damping ratio, and en-
ergy efficiency for all feet or foot/shoe combinations.
For all three orientations, the static characterization
data show a wide spread of deflection and center of
pressure properties; the deflection ranges are two to
three times that of the smallest deflection at a particu-
lar orientation, while center of pressure values vary by
as much as four to six cm at equivalent loads. There is
no direct correlation between deflection and center of
pressure data. The dynamic data indicate that the feet
are largely undamped, or essentially spring-like
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(damping ratio from 0.019-0.137). The results of test-
ing footwear on several prosthetic feet in the heel off
orientation indicate that shoes tend to make the
foot/shoe combination stiffer, but this is caused by a
simultaneous posterior shift in the center of pressure,
which we feel is essentially an alignment alteration.
Shoes also increased the damping and energy losses.

FUTURE PLANS—We plan to characterize pros-
thetic feet in an orientation analogous to terminal dou-
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ble support, with and without shoes. Walking studies
will be enlarged to include several more amputees. A
dynamic model of the foot will be created.

RECENT PUBLICATIONS FROM THIS RESEARCH

Do shoes influence the forefoot mechanics of prosthetic feet?
Childress DS, Sandifer A, Knox E. In: Proceedings of the 8th
World Congress of the International Society for Prosthetics and
Orthotics; Mclbourne, Australia, April 1995. In press.

[13] STEPPING OVER AN OBSTACLE: A COMPARISON OF NEW AND

EXPERIENCED PROSTHESIS USERS

Patricia G. Anderson, MA; Bart Nienhuis, Biomed.Eng; Theo Mulder, PhD
Department of Research and Development, St. Maartenskliniek, 6500 GM Nijmegen, The Netherlands

Sponsor: St. Maartenskliniek

PURPOSE—Walking in a normal environment re-
quires that an individual modulates his or her locomo-
tion in order to avoid various obstacles. This study
compares how new and experienced prosthesis users
react to reduced visual information in such a locomo-
tor task. To this end, subjects were required to step
over an obstacle with 0 c¢cm height while the lower
portion of the visual field was blocked.

METHODOLOGY—Two approach steps and the
step over the obstacle were studied. In the reduced
visual field condition, the subjects wore a pair of
safety goggles (that could fit over corrective glasses)
in which the lower rim and the sides were covered. In
addition to eliminating the lower portion of optic
flow, this manipulation ensured that when the subject
fixated straight ahead, (s)he could not see the obstacle
in the last approach step and as (s)he stepped over it.
Subjects were tested with and without the goggles for
two levels of task difficulty. In the first level, the
subjects could look where they wished; in the second
level, they were required to fixate on a sticker posi-
tioned at eye height 5 m beyond the obstacle.

Two video cameras of the 3-D motion analysis
system PRIMAS registered passive markers on a head
frame enabling the angle of the head in relation to the
floor to be calculated; further, passive markers were
attached to the neck and the back of the shoes. Sub-

jects stepped over a flat piece of cardboard located on
a 10 m walkway in a well-lit laboratory. The width of
this obstacle was adjusted to be half of the subject’s
normal step length. From this data, step length and
velocity could be calculated as well as the distance
from the approach foot to the obstacle (DTO) and the
distance from the obstacle to the heel of the foot
which steps over the obstacle (DHO).

Two groups of prosthesis users with mean experi-
ence of 2.1 months (n=8) and 17.2 years (n=10) were
tested. The mean age for the two groups were 41.6
and 45.5 years, respectively.

RESULTS—Preliminary analysis of the data indi-
cates that both prosthesis groups make adjustments in
the two approach steps, regardless of the amount of
visual information. The experienced prosthesis group
is consistent in the amount that the step over the ob-
stacle is lengthened when visual information is re-
duced. With visual information reduced to only pe-
ripheral vision, the ‘safety margin’ (DTO plus DHO)
increases to 20 percent. When visual field is restricted
by the goggles, the increase in the safety margin is 23
percent; this increases only to 28 percent when fixat-
ing on the sticker with the goggles. For the young
adults, these values are 16, 12, and 37 percent, respec-
tively. The new prosthesis users have safety margins
of 19, 2, and 43 percent, respectively.




14

Rehabilitation R & D Progress Reports 1994

IMPLICATIONS—Prosthesis training should in-
clude stepping over obstacles and navigating with lim-
ited visual information. Prosthesis users (even those
with just a few weeks experience) are not limited to
just one step length pattern; they can vary their step
length by 30 to 40 percent.

FUTURE PLANS—Other kinematic variables are
now being analyzed, and the data is now being ana-
lyzed to determine the amount of visual information
used per step.

[14] DYNAMIC DIAGNOSTIC SOCKET/SKIN INTERFACE MONITORING USING A

PROSTHESIS MOUNTED VIDEO CAMERA

T. Zafiriou; B. Contoyannis; M.R. Stewart; J. Stone

Latrobe University, Australia; Rehab Tech, Caulfield General Medical Centre, Caulfield, Victoria 3168, Australia

Sponsor: None listed

PURPOSE—Clear diagnostic sockets have become a
frequently used instrument for the assessment of cast
modifications in the final stages of fitting a prosthetic
socket. In the case of the lower extremity, a diagnostic
socket can give a limited subjective pressure map of
the socket/skin interface by nature of the skin discol-
oration under load. More recently diagnostic sockets
have been used at the dynamic trial stage in an attempt
to provide feedback to the practitioner in both the
areas of fit and dynamic function. Problems arise in
both situations, static and dynamic, in terms of the
assessment of fit. Statically the socket/skin interface
can be viewed clearly, but in this case the loading
pattern is limited. Dynamically the loading pattern is
more desirable, but in this case the socket/skin pres-
sure interface cannot easily be viewed.

By mounting a video camera onto the prosthesis,
the frame of reference of the socket/skin interface
remains static. The loading pattern changes dynami-
cally as the patient walks.

METHODOLOGY—A number of different ‘‘lip-
stick’’ cameras were mounted onto the prosthesis and

assessed in terms of resolution, clarity, and field of
vision. The signal from the cameras was plugged into
a video recorder, ensuring the cable did not get in the
way of the patient. Telemetry between the camera and
video recorder was also tried. A third method (un-
tried) was to mount a small video recorder onto the
patient and record the output signal. The first two
methods give a real time image as well as the option
of recording.

RESULTS—In the initial trial the patient did not feel
that the camera and mounting influenced his use of the
prosthesis. The subjective opinion of the prosthetist
involved was that he could clearly detect aspects dy-
namically that would influence his modification.
These aspects could not previously be detected.

The image can be observed in real time, recorded
as part of the ongoing clinical information or mixed
into a special effects generator to mix the image with
that of the patient walking or to color enhance the
image of the socket/skin interface.
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[15] FINITE ELEMENT MODELS TO ASSIST PROSTHETIC SOCKET DESIGN

Aunshumali Chahande, PhD; Fang Hu, MS

Amputations and Limb Prostheses

Center for Advanced Technologies in Rehabilitation Sciences, Department of Rehabilitation Medicine, University of Texas Health

Science Center, San Antonio, TX 78284-7798

Sponsor: None listed

PURPOSE—In the prosthesis, the socket provides the
interface of the mechanical support system for the
residual limb. The design and fit of the custom-
fabricated socket largely determines the utility and
acceptance of the prosthesis. In the past decade, al-
though a considerable research effort has been di-
rected toward data acquisition systems and
CAD/CAM of the socket, very marginal attention has
been given to understanding the socket-stump inter-
face, the distribution of forces in the residual limb,
and characterizing the comfort of the prosthetic limb.
Understanding the socket-stump interface is important
in ensuring an effective design of the socket and cir-
cumventing discomfort due to skin breakdown.

In order to fully understand the socket-residual
limb interface, it is necessary to study the force distri-
bution (normal and shearing stresses) throughout the
residual limb, and its deformation under dynamic load
(i.e., normal gait). This can be achieved by using fi-
nite element modeling (FEM), developed to study
stress distribution in mechanical and structural sys-
tems, of the residual limb. Recently, some studies
have considered this issue but employ only very basic
approximate models (some studies consider the stump
to be a regular geometric shape, such as a cylinder or
a cone) and they focus on the stress and deformation
of the socket, rather than on the residual limb itself.
Major problems with this approach are the rather ad
hoc nature of these studies and the very crude repre-
sentation of the materials (soft tissue, bone, etc.) con-
stituting the residual limb.

METHODOLOGY—In this research, we propose to
develop a FEM of the residual limb to evaluate the
contact forces (normal stress and shearing stress) and
deformation of the amputee’s residual limb. The anal-
ysis involves conceptually dividing the body under
study into small homogeneous segments called *‘ele-

ments.”” A mathematical representation is then devel-
oped for this linked collection of elements considering
the material properties (which may vary from element
to element). Impact of subjecting this linked collection
of elements to external force (during the different
phases of gait) can be analyzed using numerical meth-
ods. The analysis will be performed using the ANSYS
software package, regarded as the industry standard
for FEM analysis.

In general, pain, discomfort, and skin-breakdown
are caused by stress concentration and non-uniform
stress distribution. Contact stress on the contact sur-
face between the residual limb and the prosthetic
socket must be analyzed for stress distribution using
theories of mechanics. This is a 3D contact problem,
and the topology of the contact surface is the complex
free-form topology of the residual limb. In an effort to
evaluate the contact stresses, we cross-cut the stump
and femur to form a mechanical model. The model has
different material (bone, soft tissue, and so forth) and
hence capture effects of different materials that were
overlooked by previous studies. For simplicity, we
assume that the materials are isotropic and linearly
elastic, but have different elasticity modulus, and dif-
ferent poisson ratio. We employ a 3D surface-to-
surface contact (with friction) element model.

This research will provide insight into the impact
of prosthetic limb loading on the patient’s residual
limb. The model developed will estimate the stress
distribution in the various elements of the residual
limb. It will be a very useful insight into the design of
the optimal socket. Socket material, wall thickness,
size of the socket, and socket/residual limb interface
can be optimized using the insights gained in this
study. This will minimize the occurrence of blood
clots, skin breakdown, sores, gangrenes, and so forth
on the residual limb. Most of these problems occur
because of stress levels exceeding the tolerance limits.
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D. Lower Limb: Above Knee

[16] FEMORAL DISPLACEMENT IN ABOVE-KNEE SOCKETS

Dudiey S. Childress, PhD; Steven R Borowski

Northwestern University, Rehabilitation Engineering Program, Chicago, IL 60611

Sponsor: National Institute on Disability and Rehabilitation Research

PURPOSE—The purpose of this development work
is to produce an ultrasonic device that will enable us
to estimate the location of bony structures of the body
with respect to prosthetic/orthotic structures while a
prosthesis or orthosis is being used. Our aim is to
develop portable ultrasonic devices that persons with
prostheses or orthoses can carry with them during
ambulation. We are interested, for example, in using
transducers of this kind to track the movement of the
femur with respect to the above-knee socket during
walking.

METHODOLOGY-—The ultrasonic measurement
device operates on the basis of detection of a reflected
wave from the bone in the tissue. The ultrasonic trans-
ducer is mounted in the wall of the prosthesis or or-
thosis and coupled to the skin with a paste. The time
from the initial pulse until the reflected pulse is re-
ceived is the basis for determination of the distance
from the transducer to the bone. An output pulse is
generated which is ‘“‘on’’ from the time the ultrasonic
pulse is initiated until the reflected pulse is received.
The “‘on’’ time of this output pulse is made to corre-
spond linearly to an output voltage between 0 and 10
volts. Knowing the speed of sound in tissue (~1540

m/sec), the output voltage can be used to establish the
distance measurement.

PROGRESS—We now have a functioning device, al-
though has not been calibrated. The signal-to-noise
ratio is around 20 db, and we have been able to esti-
mate distances from the skin surface to the humerus in
the arm and to the femur in the leg. We are now
working on portability. Certain modifications have
been made over the past year. For example, the large
current requirements of the ultrasonic transducer have
made it necessary to use D-cell batteries to power the
transducer. Also, our test tank proved to be too small
and too symmetrical for the performance of accurate
testing.

FUTURE PLANS—The major goals for the next year
include testing the system for accuracy using the re-
flected signal from the other side of the leg. This will
be accomplished by clamping the thigh in a vice-like
device which will have the transducer mounted on one
side and a metal reflector mounted on the other side.
Since the distance can be measured, the device can be
calibrated and accuracy can be determined.

[17] INVESTIGATION OF 4-BAR LINKAGE KNEES AS AN AID TO FLOOR

CLEARANCE

Dudley S. Childress, PhD; Steven A. Gard; Jack E. Uellendahl

Northwestern University, Rehabilitation Engineering Program, Chicago, IL 60611

Sponsor: National Institute on Disability and Rehabilitation Research

PURPOSE—The stance-phase advantages of 4-bar
knees (i.e., voluntary control and cosmesis) are well
known; however, another advantage is their ability to
increase floor clearance above that possible with a

single-axis knee during the swing phase of walking.
The purpose of this project is to investigate the ability
of commercially available 4-bar linkage knees to in-
crease floor clearance beyond that of single-axis knees
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for a given knee flexion angle. This additional floor
clearance may allow an amputee to walk with less
concern for floor contact during prosthetic swing.
These knees may especially be helpful for those
above-knee and hip-disarticulation amputces who
have trouble with floor clearance. Using a computer
model of an above-knee prosthesis, we have per-
formcd kinematic analyses of commercially available
4-bar knees to determine the amount of added floor
clearance achieved.

METHODOLOGY—Four-bar linkage knecs were
selected on the basis of three criteria. The knecs were
commercially available during 1994, they were all en-
doskeletal units, and their linkages all had constant
length throughout knee flexion range.

The following knees have been included in our
study: the Hosmer VC4, the Hosmer UltraRoeLite, the
Ohio Willow Wood Pendulum Senior, the Otto Bock
3R23 Knee Disarticulation, the Otto Bock 3R36
Habermann, the Otto Bock 3R60, the Otto Bock 3R70,
and the USMC OHC.

The computer model was based upon an above-
knee prosthcsis for an average-size man. The align-
ment of the leg was recommended by a certified pros-
thetist. Data pertaining to each knee were stored in a
data filc, which could be rcad by the computer pro-
gram for knee evaluation. Once the knee was
“‘inserted’’ into the computer model, toe clearance
was calculated for each hip and knee combination as
the joints were rotated through their full ranges of
motion. Other parameters of interest that were calcu-
lated includc the hip-toe distance, the knee’s instant
center of rotation, and the foot trajectory.

PROGRESS—We have developed a computer model
of an above-knee prosthesis that allows us to “‘inscrt’’

[18] WATERSKI FOR A BILATERAL ABOVE-KNEE AMPUTEE

C. Contoyannis; M.R. Stewart; J.D. Stone; J. Cumbo

Amputations and Limb Prostheses

a representation of any 4-bar linkagc kncc for evalua-
tion. Quantitative information regarding a particular
knee design is read into a computer program, which
simulates hip and knee rotation of the prosthcsis in the
sagittal plane and calculates kinematic paramcicrs of
interest. Wc have analyzed eight commercially-
available 4-bar knccs.

RESULTS—Contour plots were created that show the
first 5.0 cm of floor clearance as a function of the hip
and knee angle for each knee analyzcd. From these
plots it is possible to find the amount of floor clcar-
ance for a given hip/knee combination. These values
are comparcd with those for a single-axis knee to
demonstrate the ability of the 4-bar knce to increase
the amount of floor clearancc for a given knee flexion
angle. The 4-bar knees were found to incrcasc floor
clearance by 2—4 cm beyond that of a singlc-axis knec
at a knee flexion angle of 50°. Some of the knces had
as much floor clearance at 30° of knee flexion as the
single-axis knee had at 50°.

FUTURE PLANS—We havc finished analyzing the
4-bar knees, and we are now writing a series of tech-
nical reports that contain the data for cach knec. We
will share the data with thc companies who partici-
patcd in our study. Wc plan to publish thc results from
this work as a journal article in the ncar future.

RECENT PUBLICATIONS FROM THIS RESEARCH

Investigation of 4-bar linkage knces as an aid to floor clearance
during swing. Childress DS, Gard SA. Uchllendahl JE. In: Pro-
ccedings of the 8th World Congress of the International Society
for Prosthetics and Orthotics: Mclbourne, Australia, April.
1995. In press.

Rehab Tech, Caulfield General Medical Centre, Caulfield, Victoria 3168, Australia

Sponsor: None listed

PURPOSE—A 19-year-old male with bilateral above
knee amputation had shown interest in competitive
water skiing. He used a KanSki designed for paraple-

gic use, consisting of a very large slalom ski with a
deck chair type harness. This dampcned his control,
forcing him to rely entirely on uppcr body weight
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distribution. He had to use his lower lumbar spine as
the mobile joint for shifting weight for control and
weight distribution, and this limited his ability to
transfer load to the ski for more complex maneuvers.
The Victorian Disabled Water Ski Association,
through the Transport Accident Commission, and
REHAB Tech combined to design a more suitable ski.

METHODOLOGY—The skier’s style was video-
taped and analyzed. Based on our analysis, we devel-
oped a ski according to two key parameters: the ski
must allow the skier to utilize distal joints for control
and weight distribution, and the ski’s design must be
safe.

PROGRESS—Elastic restraints were used together
with a polypropylene, custom-moulded seat in a neu-

[19] UPDATE ON THE ELASTIC STRAIN ENERGY DISCUS LEG

C. Contoyannis; M.R. Stewart; J.D. Stone; J. Cumbo

trally bouyant harness system that mimicked those
found on regular skis, one that released readily in
crash situations. The seat was mounted to an adjusta-
ble frame to optimize the height and position, and the
whole device could also be mounted on different types
of skis.

This harness system increased his ability to trans-
fer even small body movements to the ski via weight
transfer and residual limb movement, giving him far
more control and maneuverability than previous sys-
tems. Using this sytem, the skier trained with the Dis-
abled Water Skier Association and qualified for the
National Disabled Waterski titles held on Melbourne’s
Yarra River during the Moomba festival. Having
come second overall in his class, he competed in the
World Titles in France in 1993, finishing fourth.

Rehab Tech, Caulfield General Medical Centre, Caulfield, Victoria 3168, Australia

Sponsor: None listed

PURPOSE—IJohn Eden is the only known above knee
amputee who does a full rotation when throwing the
discus or shot. In March 1992, a prosthesis was devel-
oped for him by the Central Development Unit at the
Heidelberg Repatriation Hospital.

METHODOLOGY—Extensive biomechanical as-
sessment was carried out at the Australian Institute of
Sport in Canberra on both Mr. Eden and a nondisabled
discus thrower. A conventional polypropylene socket
was fitted to the patient and a custom designed pros-
thesis was attached. Although the actual composition
of the prosthesis cannot be described (due to commer-
cial reasons), it consists of a curved, cantilevered
composite leaf. Knee flexion and extension are
achieved not by means of a mechanical joint but
through the force-deflection capabilities of the mate-
rial from which the prosthesis is made. The weight of
the prosthesis is minimized which assists with speed
through the rotation section of the throw.

PROGRESS—Initial evaluation has been positive,
but has been hampered by durability. Mr. Eden com-
peted at the Barcelona Paralympics and won a silver
medal. The interest generated by his new leg was
enormous: he could not appear anywhere without 10
minutes of photo-taking and interviews.

REHAB Tech has since taken over this project
and further efforts have improved the durability enor-
mously. Mr. Eden is currently the world champion as
well as holding the world record.

IMPLICATIONS—The application of a prosthesis
that can give active knee extension (and active plantar
flexion) has enormous consequences for all amputees.
REHAB Tech has been developing this concept in a
power sport application but prototypes are already
being developed which would have for walking and
running an application. These prototypes are for
below knee and above knee amputees as well as foot-
wear.
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E. Lower Limb: Below Knee

[20] PROSTHETIC DESIGN FOR DYSVASCULAR BELOW-KNEE AMPUTEES

Amputations and Limb Prostheses

Sanford Anzel, MD; Jacquelin Perry, MD; Edmond Ayyappa, MS, CPO; Christopher M. Powers, MS; PT; Lara Boyd, MPT;

JoAnne K. Gronley, MA, PT; Sre:sha Rao, MS

VA Medical Center, Long Beach, CA 90322; Pathokinesiology Service, Rancho Los Amigos Medical Center, Downey, CA 90242

Sponsor: Depariment of Veterans Affairs, VA Rehabilitation Research and Development Service, Washingion DC 20420 (Project

#A735-RA)

PURPOSE—Recent studies have demonstrated ineffi-
ciency at the hip and knee during the loading response
phase of walking, regardless of the type of prosthetic
foot component. The mechan:cs of the prosthetic heel
(heel rocker) results in exccssive forward tibial accel-
eration, which induces hip and knee instability. This
demand requires increased muscular stabilization that
the weakened dysvascular amputee has difficulty
meeting. The primary purpose of this study is to de-
velop design criteria for a prosthetic foot component
which will facilitate knee stability during loading re-
sponse and reduce the muscular demand of ambula-
tion.

METHODOLOGY—This work centers on three
main areas: 1) classification of persons with dysvascu-
lar below-knee amputation by walking ability and
strength of the weight bearing musculature; 2) quanti-
tated definition of the gait of those persons, focusing
on the mechanics of loading response and the de-
mands imposed by three classes of prosthetic feet; and
3) development of optimal design criteria for a pros-
thetic foot for the dysvascular patient with below-knee
amputation. Thirty such persons will be tested for
strength of both limbs, as well as stride analysis and
joint motion during free and fast walking. Ten addi-
tional subjects with dysvascular below-knee amputa-
tion will undergo EMG and kinetic analysis during
free and fast walking, wearing three different pros-
thetic feet (Flex-foot, Seattle and Single-axis). A com-
parison of the loading mecharics, joint moments, and
muscle activity bctween these three feet and non-
disablcd individuals will be made.

PROGRESS—Twenty subjects with dysvascular
below-knee amputation have undergone stride and

motion analysis, and strength assessment of both the
residual and sound limbs. Stride characteristics and
joint motion testing as well as EMG and kinetic anal-
ysis has been completed on three additional subjects
while wearing the three different prosthetic feet. Data
from 10 nondisabled controls have also been col-
lected. Data collection, processing, and analysis con-
tinue.

RESULTS—Preliminary stepwise regression analysis
has identified sound limb knee extensor strength and
amputatcd limb hip abductor strength as significant
predictors of free walking velocity (r=0.79). Sound
limb knee extensor strength was the best predictor or
stride length (r=0.63), while residual limb hip abduc-
tor strength significantly correlated with cadence
(r=0.67). Residual limb hip abductor strength was the
only significant predictor of fast walking velocity
(r=0.72), and cadence (r=0.64).

Analysis of the loading response mechanics be-
tween the normal and amputee subjects has revealed a
significant delay in reaching the stable foot flat pos-
ture in the amputee group. Foot flat did not occur until
19 percent of the gait cycle compared to 9 percent of
the gait cycle for the normals (p<0.01). During this
interval the amputee is maintaining an unstable heel
only posture. Compared to the control group, maxi-
mum loading response knee flexion in the amputee
group was reduced (9.4 vs. 16.0 degrees; p<0.05) and
delayed (17 percent vs. 14 percent of the gait cycle;
p<0.05). The same trends were found for fast walking.
These preliminary results suggest that the amputee
prosthetic foot is unstable while the knee is flexing.
This is consistent with the increased knee extensor
activity utilized to provide stability during weight ac-
ceptance. In contrast, peak loading response knee
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flexion in normal individuals occurs after foot flat,
providing a more stable base of support during this
phase of the gait cycle.

RECENT PUBLICATIONS FROM THIS RESEARCH

Below-knee amputee gait in stair ambulation: a comparison of
stride characteristics using five different prosthetic feet. Torburn

L, Sweiger G, Perry J, Powers CM. Clin Orthop 1994:303:185-
92.

Effects of prosthetic foot design on sound limb loading in adults
with below-knee amputations. Powers CM, Torburn L, Perry J,
Ayyappa E. Arch Phys Med Rehabil 1994:75:825-9.

Energy expenditure during ambulation in dysvascular and trau-
matic below-knee amputees: a comparison of five different pros-
thetic feet. Torburn L, Powers CM, Guiterrez R, Perry J. J
Rehabil Res Dev. In press.

[21] PRACTICAL APPLICATIONS OF NEW CAD AND CAE TECHNIQUES TO

SOCKET DESIGN

Dudley S. Childress, PhD; John W. Steege; Keith Oslakovic

Northwestern University, Prosthetics Research Laboratory, Chicago, IL 60611

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#A521-3DC)

PURPOSE—This work intends to continue refine-
ments in the application of the finite element analysis
(FEA) technique to the design of below-knee pros-
thetic sockets based upon models of the prosthesis and
the residual limb. Additionally, we intend to develop
computer design guidelines based upon prosthesis and
limb mechanics during gait as well as incorporate new
techniques for determining complete below-the-knee
limb geometry that do not rely on CT imaging.

METHODOLOGY—Contact problem formulation
was applied to an existing simple problem to verify
the accuracy of the solution. The axisymmetric resid-
ual limb/socket approximation built and modeled by
Reynolds (1988) was reformulated as a contact prob-
lem using the Marc finite element code.

PROGRESS—An approximation made previously in
our FEA modeling was that the limb and socket inter-
face was fixed, where no slippage or loss of contact
may occur. We have begun work to model this inter-
face more accurately, using the contact problem capa-
bilities of the Marc FEA code.

In addition to accounting for slippage at the inter-
face during the gait cycle, contact problem modeling
will also be used to more accurately model donning of
the socket. This will provide a means of quantifying
the stresses produced by wearing of the socket inde-
pendent of weight bearing.

Software is being developed to convert existing
limb/socket FEA models to contact problems. This

will save the time of redeveloping the modeling
method for this new technique and allow quick deter-
mination of the proper implementation of the contact
problem to our current models. Upon completion of
this software, the final step will be to incorporate the
contact algorithm into dynamic FEA modeling of the
socket during gait.

Investigation into the use of geometry data ob-
tained via an ultrasonic digitizer developed by Drs.
Ping He and Kefu Xue of Wright State University is
proceeding with encouraging results. The data ob-
tained from ultrasonic scans includes both bone and
tissue boundaries and is thus well suited for finite
element model generation. They have provided us
with their first ultrasonic scan of an amputee contain-
ing 50 sections at 5 mm intervals. Working with the
Wright State group, we were able to incorporate the
ultrasonic scan data of the amputee limb directly into
our procedure for creating finite element models.

Information and results from these projects have
been made available on the World Wide Web at
http://www .repoc.nwu.edu/

RESULTS—Initial results showed similar stress dis-
tribution to both Reynolds predicted and experimen-
tally determined values. In addition, some variation of
the surface friction coefficient was investigated and
the expected result of increasing shear with increasing
friction was evident. These initial models provided
confidence in the contact capabilities of the FEA
code.
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FUTURE PLANS—We will extend the modeling ca-
pabilities to three dimensions by modeling a slightly
more complex system of our own design. A physical
model of the residual limb is being designed and con-
structed of silicone for this purpose. This model will
possess material characteristics similar to soft tissue
and will also contain an internal solid geometry to
approximate the internal bony prominences of an am-
putated limb.

[22] NEUROPATHIC FOOT IN LEPROSY

Amputations and Limb Prostheses

A slightly rectified socket will be fitted to this
limb model in a controlled manner, so the loading
process may be modeled exactly. Pressure transducers
within this socket will record the stresses at fixed
locations for comparison to model values. Correlation
between the physical model and FEA model will vali-
date the use of contact modeling for pre-stress deter-
mination. This also will give an estimate of the magni-
tude of tissue pre-stresses due to socket donning.

V.N. Kulkarni, BSc, (PT) PGDR; A. Dey, PT; S.B. Sane, MD; J.M.
Dr. Bandorawalla Leprosy Hospital. Kondhawa, Pune 411048, India

Sponsor: Poona District Leprosy Committee (PDLC)

PURPOSE—In the process of evolution the human
foot has achieved a specific function of weight bear-
ing, locomotion, and keeping balance. In standing, the
foot serves as a base to suppcrt the body above it, and
in walking it maintains intrinsic postural stability with
a minimum of energy expenditure by means of its
specialized anatomy, an aspect important during am-
bulation.

In leprosy this specialized anatomy gets disturbed
following the involvement of peripheral nerve trunks.
Loss of protective sensations, muscular paralysis, au-
tonomic disturbance, and weakened bony and liga-
mentous structure due to disease itself make the neu-
ropathic foot more vulnerable to injury. Repetitive
microtrauma go unnoticed, leading ultimately to sec-
ondary complications like trophic ulceration and tarsal
disintegration (TD).

Negligence of neuropathic foot can eventually
lead to marked instability of the ankle with the ulti-
mate resort to amputation making the individual more
handicapped. Proper rehabilitation of such a foot is
therefore essential and starts right from the time of
diagnosis, and involves both control of the disease and
the prevention of further complications following an-
aesthesia.

PROGRESS—We have successfully treated all types
of the neuropathic foot from the mildest (sensory loss
only) to the most severe (TD with sepsis and unstable
ankle) through the use of preventive rehabilitation.

Mehta, MD

Preventive rehabilitation works to: minimize
nerve damage by steroids and physical therapy,
thereby preventing deformities; correct established de-
formities by timely reconstructive surgery; prescribe
proper footwear or orthoses; and educate the patients
about their health.

We use anti-leprosy, anti-inflammatory drugs,
and steroids to control nerve damage. We use physical
therapy to prevent further paralysis, maintain range of
motion in joints, and strengthen the weakened muscu-
lature. We employ tibialis posterior transfer to correct
established foot drop later on and treat plantar ulcers
by sterile dressings and plaster casts. Tailor-made
micro-cellular footwear are prescribed in all the cases
along with modifications as and when necessary, and
plaster casts followed by fixed-ankle-brace (FAB) ap-
pliances are used for TD.

During the regular foot clinics, high risk groups
of patients are segregated and health education is em-
phasized. Instructions include advising the patients to
walk with slow and short steps and to refrain from
strenuous activities like prolonged standing, walking,
and running, as well as from squatting on ground.
This posture imposes a tremendous strain on the al-
ready weakened talo-navicular junction. Sitting cross-
legged is also to be avoided to prevent lateral malleo-
lar ulceration.

The patient is also instructed to practice a daily
self care regime as a part of domiciliary therapy; for
his own well-being, he must:
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Look: inspect for any injuries, redness, or sores;
Soak: soak feet for 20 min in plain water;

Scrape: remove callosities with rough stone;

Oil: apply oil to retain the moisture gained by soak-

ing;

SRt

b

S. Exercise: perform simple exercises to maintain
range of motion and prevent disuse atrophy;
6. Dress: apply clean dressings of wounds;
. Protect: use micro-cellular rubber footwear to
guard from injury and infection.

3

[23] COMPUTER-AIDED PROSTHETIC ALIGNMENT SYSTEM USING NEURAL

NETWORKS

Aunshumali Chahande, PhD; Virgil Faulkner, CPO

Center for Advanced Technologies in Rehabilitation Sciences, Department of Rehabilitation Medicine, University of Texas Health

Science Center, San Antonio, TX 78284-7798

Sponsor: San Antonio Area Foundation

PURPOSE—San Antonio has more than 55 percent
Hispanic population, and a large number suffer from
diabetes; in fact, the prevalence of diabetes tends to be
2 to 3 times higher in Hispanics than in non-Hispanic
whites. A sizable number of diabetic patients have
amputations of their extremities due to poor blood
circulation. However, with the aid of a prosthesis, a
large number of these patients can stand, walk, run,
and climb. A typical prosthesis, a mechanical exten-
sion to the residual limb, has a pair of alignment
devices at either end. The alignment devices allow for
optimal positioning of the artificial foot relative to the
stump or residual limb.

Optimal alignment ultimately determines the
comfort, stability, suspension, energy conservation of
the prosthesis, and hence, the utility of the prosthesis.
Suboptimal alignment, even with a perfectly fitting
socket, may lead to instability and excessive energy
consumption, resulting in fatigue and skin breakdown.
In one recent study, 30 percent of patients developed
complications such as stump pain, pressure ulcers, and
stump infection, due to poor fitting and improper
alignment of prosthesis.

The objective of this project is to develop a neu-
ral network-assisted below-knee prosthetic alignment
system. The proposed system exploits the underlying
relationship between the demographics of the patients
and their gait patterns, using neural networks. Neural
networks emulate human cognition and thinking pro-
cesses, and consist of groups of relatively simple
units, called neurons, that perform complex tasks,
such as pattern recognition and classification.

METHODOLOGY—In this research, we exploit the
underlying relationship between the demographics of
the patients and their gait patterns using neural net-
works. A neural network model with a back propaga-
tion architecture will be trained by a random optimiza-
tion algorithm. Consistent with our overall objectives
of developing better-fitting light-weight prosthesis,
we use pyramid-type titanium alignment devices for
this project.

We will train the neural network with the random
optimization algorithm. Demographic and stump fea-
tures, which could affect the alignment, are inputs and
the alignment measures are outputs of the neural net-
work. Randomly selected 20 BK amputees with ma-
ture stumps will be fitted with endoskeleton prosthesis
with pyramid type components by a pool (to minimize
any individual biases) of expert prosthetists. The data
will be used as the training set for the network. The
prosthetists will also perform the static and dynamic
alignment using the traditional visual observation ap-
proach.

The alignments suggested by the trained neural
network are validated against the final dynamic align-
ment done by a pool of expert prosthetists. In an effort
to maintain integrity and reliability of the neural net-
work model, the validation data is independent and
separate from the training data sets. An independent
set of five BK amputees will be used to validate the
model. The alignment performed by the prosthetists
will be compared with the alignment suggested by the
neural network model using Analysis of Variance. If
the results are favorable, the neural network will be
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fine tuned using a larger training data, and statistical
validation will be evaluated over a larger and diverse
population sample.

FUTURE PLANS—This research is a major step to-
ward the development of an Automated Intelligent
Prosthetic Design System, alleviating the problem of
acute shortage of prosthetists in developing countries.
As more data becomes available from prosthesis de-
signed for patients, the neural nzstwork will continue
to be trained to improve its precision. Further research

[24] TRANS TIBIAL SUSPENSION EVALUATION

C. Contoyannis; M.R. Stewart; J. Cumbo
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work is needed at exploring other training algorithms,
and better methods of characterizing and measuring
prosthetic alignment.

RECENT PUBLICATIONS FROM THIS RESEARCH

Neural network models for customized alignment of endoskeleton
BK prosthesis. Chahande Al, Faulkner VW, Billakanti SR.
Walsh NE. In: Proceedings of the IEEE Intcrnational Confer-
ence on Neural Networks, 1994:3507-11.

Rehab Tech, Caulfield General Medical Centre, Caulfield, Victoria 3168, Australia

Sponsor: None listed

PURPOSE—Below knee prosthetic suspension sys-
tems can be categorized into four classes: vacuum,
anatomical, strap, and hinged. While there have been
many claims about the relative effectiveness of the
various techniques for suspension, there have been
few comparative studies of them. An experiment was
devised which could be used to quantify the effective-
ness of various suspension systems.

METHODOLOGY—To standardize the experiment,
a below knee (BK) prosthesis was constructed to have
similar anatomical features and skin surface character-
istics as an anatomical residual limb. To this prosthe-
sis, vacuum, strap, and anatomical suspension BK
sockets could be attached. By using a tensile tester, a
graph of the tensile force required to displace the
socket a given distance car be obtained. Extensive

video footage was used to see how the suspension
systems released from the ‘‘limb.”” This tensile force
can be related to the radial force produced by a pros-
theses of known weights at a variety of walking
speeds.

PROGRESS—A clinical trial was then conducted
using the same four suspension techniques on a single
patient. The results of both the clinical and technical
trial indicated that at walking velocities the displace-
ment for all suspension techniques was minimal.

IMPLICATIONS—The graph gives a comparison of
various suspension classes for a given situation. This
can complement other clinical considerations in the
type of prosthesis prescribed for a given patient.

[25] ARTIFICIAL LIMB DESIGN: ASSISTANT SYSTEM USING KNOWLEDGE-BASED

EXPERT SYSTEM

Aunshumali Chahande, PhD; Chang-Kyo Suh, PhD; Virgil Faulkner, CPO
Center for Advanced Technologies in Rehabilitation Sciences, Department of Rehabilitation Medicine, University of Texas Health

Science Center, San Antonio, TX 78284-7798

Sponsor: None listed

PURPOSE—A number of engineering design tools in
the form of prosthetic CAD/IZAM software have been

developed to assist the prosthetist in the design phase.
However, these tools still require a seasoned prosthe-
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tist to work on the CAD system, using his/her exper-
tise and evaluating the effects. In view of the shortage
of skilled prosthetists, this has not solved the problem
completely. In this research, we aim to develop a
knowledge-based assistant system for the computer-
aided design of below-knee artificial limb that can
assist and guide a ‘‘not-so-trained’’ prosthetist and
augment his/her skills in the design and fabrication of
customized prosthetic limb sockets.

METHODOLOGY—An expert system is a computer
program using artificial intelligence to make logical
decisions based on the input data. Input for this sys-
tem consists of: 1) limited individual demographic
information such as age, weight, time period since
amputation, and proportion of torso to length of legs;
2) the conditions of residual limb such as strength of
bone, residual limb length, and condition of skin; and
3) additional information such as activity level and
material of socket. The expert system approach uses a
non-algorithmic framework to represent and manipu-
late an expert’s knowledge and reasoning. The infer-

ence system sequentially uses a combination of for-
ward and backward chaining and performs both exact
and approximate reasoning.

In designing the socket, we must consider the
following criteria to maximize user satisfaction: (1)
minimal energy expenditure, (2) efficient distribution
of stump-socket contact pressure, (3) natural gait pat-
tern, (4) comfortable weight-bearing ability, (5) con-
trol of edema through distal residual limb pressure,
and (6) total contact socket. Since most of the deci-
sion rules are based on skill and expertise, they are
inherently fuzzy and stochastic in nature. Thus, suit-
able uncertainty management techniques and fuzzy
logic will have to be deployed. When the project is
done, the system will consist of a database, a knowl-
edge-base (a store of prosthetic design rules, princi-
ples, and expertise acquired by seasoned prosthetists
through extended experience), the inference engine,
the user interface, and knowledge update and explana-
tion facilities. The system will be also useful in the
standardization of socket design techniques and a
valuable assisting instrument for junior prosthetists.

[26] NEURAL NETWORK MODELS TO ASSIST MEDICAL IMAGING SYSTEMS FOR

PROSTHETIC FABRICATION

Aunshumali Chahande, PhD; Sampath R. Billakanti, MS; Nicolas E. Walsh, MD
Center for Advanced Technologies in Rehabilitation Sciences, Department of Rehabilitation Medicine, University of Texas Health

Science Center, San Antonio, TX 78284-7798

Sponsor: None listed

PURPOSE—In the prosthesis, the socket provides the
interface of the mechanical support system for the
residual limb. The design and fit of the socket largely
determines the utility and acceptance of the prosthe-
sis. The traditional approach is to use a plaster mold
of the residual limb, which has a very high degree of
variability and lacks reproducibility. Digitizers and
noncontact video laser scanner are common enhance-
ments, but provide only surface topology, with ana-
tomical markers (bony prominences) being manually
added.

In the past decade, although considerable re-
search effort has been directed toward data acquisition
systems, marginal attention has been given to auto-
mating (even partially) the identification of load-
bearing and pressure-sensitive areas. Such identifica-
tions are important in ensuring an effective design of

the socket and circumventing discomfort due to skin
breakdown.

The socket is the result of biomechanical alter-
ations of the model of the residual limb to relieve
pressure from the pressure sensitive areas and provide
load-bearing regions at the pressure tolerant areas.
Pressure directly over pressure sensitive areas (bony
prominence) will cause immediate skin breakdown
and discomfort to the patient. The weight-bearing
areas are identified by their proximity to the underly-
ing tendons and ligaments, which can be subjected to
considerable compression forces and bending mo-
ments without resulting in failure. Currently, the pros-
thetist determines the location of the load-bearing
areas by anatomical markers, based on experience and
physical feel of the residual limb, recorded during the
casting (plaster molding) or imaging phase.
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It is hypothesized thal a relationship exists be-
tween surface topology and the underlying bone struc-
ture. Some researchers have used surface curvature
analysis of the surface topology for identifying the
bony prominence. The algcrithms used are heuristic-
based and perform very poorly for oversized and fat
residual limbs, since the curvature change is not sig-
nificant and hence may result in improper identifica-
tion of the areas. We proposc to use a neural network
model to exploit this relationship. Neural computing
provides an approach that is closer to human percep-
tion and recognition. Since our approach does not rely
on surface curvatures, the performance does not dete-
riorate with extreme case topologies (i.e., very skinny
or fat residual limbs).

METHODOLOGY—The proposed model exploits
the relationship between thc surface topology and the
underlying bony prominence. The input to the neural
network model is the surface topology and the output
is the pressure sensitive and pressure tolerant regions.
The neural network is trained using data collected
from CT scans, which provide excellent images of the
human anatomy. The model is tested and validated
using an independent set of data also acquired from
CT scans. A number of neural network models will be
compared using a variety of training algorithms. Fi-
nally, the effectiveness of the models will be com-
pared with results from a trained prosthetist using data
with manually added anatornical markers. A neural
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network model will be designed and implemented
using the package NeuralWorks. We begin by consid-
ering a standard three-layer model that will be pro-
gressively modified to improve the performance of the
models.

Volunteers with one below-knee amputation of
average residual limb size and reasonably good health
condition will be recruited. Their residual limbs will
be scanned using the CT scan and the noncontact laser
scanner. The CT data will be processed and filtered to
convert it to a machine-readable format. This data will
then be converted to the input and output variables of
the neural network using the preprocessing algo-
rithms/routines. The output from the neural network
will be post-processed and incorporated in the original
image (surface topology). This forms the ‘‘Image
Enhancement’’ component of the Intelligent Pros-
thetic Design System. An automated intelligent pros-
thetic design system will not be a viable to the human
prosthetist unless the data acquisition system can cap-
ture all the data available to the human decision
maker.

RECENT PUBLICATIONS FROM THIS RESEARCH

Identification of load bearing areas for prosthetic limbs in a below-
the-knee amputee using neural networks. Chahande A,
Billakanti S. In: Proceedings of the 15th Annual International
Conference of the IEEE Engineering in Medicine and Biology
Society, 1993:1290-1.




II. Biomechanics

A. Bone and Joint Studies

[27] FUNCTIONAL ELECTRICAL STIMULATION OF SPINAL CORD INJURY
PATIENTS

A.M. Erika Scremin, MD; Karen L. Perell, PhD; Deborah L. Mutton, MA; Oscar U. Scremin, MD, PhD; Thomas Barstow, PhD;
Livia Kurta, PT; Kari Matsumoto, BS; David R. Keelor, BS; Robert J. Gregor, PhD; Brian J. Whipp, PhD; Charles Kunkel,
MD; K.K. Firoozbakhsh, PhD; T.G. Cagle, PhD; Michael Scott, MD

Physical Medicine and Rehabilitation Service, VA Medical Center, West Los Angeles, CA, 90073; University of California, Los
Angeles, 90024; Division of Respiratory and Critical Care Physiology and Medicine, Harbor-UCLA Medical Center, Torrance, CA
90509; Department of Healtli and Performance Sciences, The Georgia Institute of Teclinology, Atlanta, GA 30332; St. George's
Hospital Medical Scliool, University of London, London, England SWI7 ORE; Physical Medical and Relabilitation Service, VA
Medical Center, Albuquerque, NM; and University of New Mexico, Albuguerque, NM 87108; Spinal Cord Injury Service, Rancho Los
Amigos Medical Center, Downey, CA 90242

Sponsor: Department of Veterans Affairs, VA Rehabilitation Researcl and Development Service, Waslungton, DC 20420 (Project
#B603-RA)

PURPOSE—The potential benefits from functional  demonstratcd significant differences between the spas-

electrical stimulation-induced ergometry of lower ex-  tic and the other two groups for peak torque during
tremities (FESIELE) for SCI patients are: enhanced  knee flexion. The discriminant analysis correctly clas-
functional capabilities, improved cardiovascular fit-  sified 100 percent of the spastic, 90 percent of the
ness, decreased blood cholesterol levels, increased  nondisabled, but only 67 percent of the flaccid sub-
muscle tone, increased bone mineralization, preven-  jects. Separation of observations was good betwcen
tion of joint contractures, and improvement of periph-  flaccid and nondisabled groups and spastic and non-
eral adaptations to excrcise, including increased mus-  disabled groups, but some overlap existed between

cle mass, energetics, and blood flow. The purposc of  spastic and flaccid groups. The time course effect of
this project i1s to study the effects of FESIELE on  FESIELE on the spasticity of 10 spastic patients im-

complete, spastic SCI subjects to determine the thera-  mediately after, 2 hours after, and the next day follow-
peutic bencfits and associated risks of this rehabilita-  ing FESIELE suggests only immediate dccreases in
tive therapy. muscle tone, not lasting more than 2 hours. Assess-

ment of FESIELE effects on spasticity using H-reflex
METHODOLOGY—Subjects participate in a 48-  measurements is being quantified.

session training protocol on a computerized REGYS Bone Density. Dual Encrgy X-ray Absorp-
ergometer powered by lower extrcmity muscles acti-  tiometry (DEXA) studics have been completed to as-
vated by cutaneous electrodes. Fifteen (15) subjects  sess bonc density before and after training. Significant
have participated in various phases of the project. training effects have been found in the lumbar spine

region, and correlations between body weight and the
RESULTS—Muscle Tone (Spasticity). Muscle tone  change before and after training are being investi-
was assessed using an isokinetic dynamometer that  gated. Loads, nondisabled and orthogonal to thc pedal
measures the resistance to passive movement. Data  surface, are measured and joint reaction forces and
from 10 nondisabled, 12 spastic, and 6 flaccid subjects  muscle torques calculatcd during FESIELE in three

26
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SCI subjects using pedals instrumented with standard
foil strain gauges. Changes in seat position to reduce
high tensile forces are being explored.

Muscle Mass. Computerized tomographic and
magnetic resonance imagingz studies before and after
training to assess muscle mass changes in the thigh
(stimulated muscles) and in the shank (nonstimulated
muscles) are underway in 15 subjects. With training,
the muscle mass showed a significant increase in the
anterior compartment of both thighs, while the right
thigh muscle mass also showed significant increases
in the posterior compartment. Data of shank muscle
mass is currently being analyzed.

Metabolic Studies. VO, kinetics results obtained
from 9 subjects during a 10-min session of FESIELE
indicate that the VO, time constant is significantly
longer in paralyzed subjects than in sedentary controls
or elderly subjects. Significant improvements in max-
imal aerobic capacity (peak VO,) and recovery VO,
kinetics, however, indicate improved cardiovascular
fitness, peripheral muscular adaptations, and endur-
ance capacity. Lipid profiles show that subjects tend
to have normal levels of cholesterol, but very low
levels of HDL and high ratics of CHOL/HDL suggest-
ing that paralysis and lack of aerobic exercise increase
the risk of heart disease. Creatine kinase (CK) values
during FES leg training (Paase I-quadriceps muscle
FES only) and Phase II (FESIELE, less than 30
min/session) were at the high end of the normal range
(u/1=40-280), while during Phase IlII (FESIELE, 30
min/session for 24 sessions) CK values were above
the normal range.

Biomechanics

FUTURE PLANS—Plans to complete work with the
remaining subjects in all areas, as well to as expand
areas of the effect of FES on muscle blood flow using
PET scans, hybrid leg-arm exercise metabolic studies,
and lipid profiles are underway.

RECENT PUBLICATIONS FROM THIS RESEARCH

Dctermination of the effect of functional clectrical stimulation
induced ergometry on muscle tone in spinal cord injury subjccts.
Scremin AME. Perell KL. Woodrow RB. In: Proceedings of the
Amcrican Paraplegia Socicty Annual Mccting, September 1994,
Las Vegas, 29.

Effect of functional electrical stimulation (FES) Icg training on the
crealinc kinase (CK) levels of subjects with complele spinal
cord injury. Scremin AME, Mutton DL. Kunkel CF, Cagle TG.
Arch Phys Mcd Rechab 1994:75(9):1033.

Effects of functional clectrical stimulation (FES) induced lower
extremity cycling on bone density of spinal cord injurcd. BeDell
K. Scremin AME, Perell KL, Kunkel CF. Arch Phys Med Rehab
1994:75(9):58.

Investigation of joint reaction forces and movements produccd
during functional electricla stimulation induced cycling. Franco
J. Gregor RJ, Scremin AME. In: Procecdings of the Interna-
tional Rchabilitation Medicinc Association, April 1994, Wash-
ington, Al136.

Pulmonary gas exchange kinetics in subjects with complete spinal
cord injury during leg cycle exercise injuced by functional elec-
trical stimulation (FES). Mutton DL, Scremin AME, Kunkel CF,
Cagle TG, Whipp BJ. FASEB J 1994:8:A288.

Recovery oxygen uptake kinetics in subjects with complete spinal
cord injury beforc and after training with leg cycle cxercise
injuced by functional electrical stimulation. Muiton DL,
Seremin AME, Barstow TJ, Kunkel CF, Cagel TG. In: Proceed-
ings of the American Paraplegia Society Annual Mccling. Sep-
tember 1994, Las Vegas, 9.

(28] SKELETAL CHANGES AFTER SPINAL CORD INJURY AND CAST

IMMOBILIZATION

G.S. Beaupré, PhD; R.T. Whalen, PhD; B.J. Kiratli, PhD; J. Drace, MD; 1. Perkash, MD; G. Sims, MD; R. Marcus, MD;

S. Napel, PhD; G. Breit, PhD; V.L. Giddings, MS

VA Rehabilitation Research and Development Center, Palo Alto, CA 94304, Life Science Division, NASA Ames Research Center,
Mountain View, CA 94035; Departuent of Radiology, Stanford University, Stanford, CA 94305

Sponsor: Departient of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#B802-RA)

PURPOSE—The objective of this study is to use high
resolution QCT imaging of lower limb bones and a
novel method of monitoring daily physical activity
level to develop a new noninvasive, human model for

the study of functional adaptation of bone tissue. By
charting the time course of bone loss or gain within
small volume elements of bone in recent SCI patients
and fracture cast immobilized subjects, we will inves-



28

Rehabilitation R & D Progress Reports 1994

tigate for the first time the nature of bone remodeling
within and among bones and the related issue of re-
versibility of changes in bone density and structure in
cancellous and cortical bone. Through a comparison
of results obtained from two subject groups and re-
sults from model simulations, we will address a num-
ber of important questions with this study. The an-
swers to these key questions will provide important
new insights for better understanding the basic mech-
anisms of bone adaptation. These insights, in turn,
should suggest new and improved clinical treatment
strategies.

METHODOLOGY—We will use a combined experi-
mental and computational approach to investigate
skeletal changes in the lower limb bones of 15 spinal
cord injured subjects and 15 cast immobilized sub-
jects. The experimental phase of the project will in-
volve the use of QCT and dual-energy x-ray
absorptiometry (DXA) to measure serial changes in
bone mass. The accomplishment of the experimental
phase of the study involves five specific tasks: the
registration (spatial repositioning) of serial CT scans
of whole bones for each subject; the accurate and
precise determination of bone density using QCT
throughout the calcaneus, proximal tibia, and distal
femur; the determination of the local remodeling rate
throughout the volume of each bone using the regis-

tered QCT scan data; the monitoring of the daily load-
ing history after cast removal; and the measurement of
urine and serum markers of bone resorption and for-
mation.

The registration task will be accomplished by
adapting and refining existing algorithms developed at
Stanford University. The determination of bone den-
sity and local remodeling rate will be accomplished by
scanning subjects using a GE Hi-Speed Advantage CT
scanner and state-of the-art QCT techniques. To mea-
sure the daily loading history, we will use a new
device that continuously records the ground reaction
force during daily activity. Lastly, we will assay uri-
nary pyridinoline and serum osteocalcin levels as bio-
chemical indicators of bone resorption and formation.
In the computational component of the study, we will
use three-dimensional finite element models of the
calcaneus, proximal tibia, and distal femur to simulate
skeletal adaptation using a bone remodeling theory
developed in our laboratory in combination with the
daily loading histories.

RESULTS—Development and adaptation of the CT
registration software is underway. Bone-mineral-
equivalent QCT phantoms have been designed and
will be constructed from plexiglass and solutions of
dipotasium phosphate.

[29] BIOMECHANICS OF CERVICAL DIAGNOSTIC MANEUVERS: A PILOT STUDY

Maruti R. Gudavalli, PhD; John J. Triano, DC; Avinash G. Patwardhan, PhD; Robert Havey, BS; Marion McGregor, DC
Spinal Ergonomics and Joint Research Laboratory, National College of Chiropractic, Lombard, IL 60148; Texas Back Institute
Research Foundation, Plano, TX 70123; Rehabilitation Research and Development Center, Hines VA Hospital, Hines, IL 60141

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Pilot Project

#B91-214AP)

PURPOSE—Specific objectives of this research were
to conduct ex vivo experiments on cadaveric spine
specimens to determine the vertebral displacements
and the stretches of the representative neck tissues
(intertransverse ligament, anterior longitudinal liga-
ment and vertebral artery at C1-C2 level) during ver-
tebral artery provocation (VAP) testing, designed to
challenge these structures in extreme extension and
rotation; and to develop a computer model of C1-C2

motion segment that can be used to estimate the verte-
bral displacements, the stretches of the ligaments and
the vertebral artery, and loads on the ligaments during
the simulated VAP test.

The long-term goal of the project is to quantify
and describe the biomechanical events that occur dur-
ing orthopedic diagnostic testing conducted on neck
pain patients. This information is useful in identifying
the tissues that are challenged during the diagnostic
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maneuvers and provides useful information for vali-
dating the underlying hypotheses of these diagnostic
procedures.

METHODOLOGY— The ex vivo experiments were
conducted on five, fresh human cadaveric cervical
spine specimens consisting of the head and C0-C4 to
measure the vertebral displacements, ligament
stretches, ligament loads, and vertebral artery stretch
at the C1-C2 joint level. These measurements were
based on an optoelectronic three-dimensional motion-
analysis system, a miniature Hall-effect stretch trans-
ducer, and differential variable reluctance transducers.
The stretch transducers were used to measure the
stretches of the anterior longitudinal ligament (ALL),
capsular ligament (CL), and the vertebral artery under
simulated VAP testing, which involves the loading of
the head and the cervical spine in combined motions
of extension and rotation. The computer model ideal-
izing the ligamentous structures at the C1-C2 joint
level was developed by incorporating the geometry
and the material properties of the cervical spine to
predict the biomechanical response under loading con-
ditions of extension and rotation similar to the VAP
diagnostic test.

PROGRESS—AIl cadaveric experiments and com-
puter simulations were successfully carried out. This
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pilot study demonstrates that the vertebral displace-
ments and the ligament stretches can be studied under
the diagnostic maneuvers as proposed in the pilot
study.

RESULTS—The CI1-C2 joint mean displacements
were 10.9° in extension and 33.3 ° in rotation. The
mean ligament stretches were 2.83 mm for ALL and
2.87 mm for CL, and the mean stretch for the verte-
bral artery was 0.9 mm. The model predictions corre-
lated well with experimental values for the displace-
ments and ligament stretches, but they did not
correlate well with the vertebral artery stretches. The
inability of the model to predict the vertebral artery
stretch may be attributed to the following two reasons:
the artery does not contain the blood during the ex
vivo experiments, thus loosing its true elasticity and
the artery does not rigidly attach to C1 or C2 verte-
brae. Future studies may consider perfusion of the
artery during the ex vivo experiment to simulate in
vivo elasticity of the artery.

FUTURE PLANS—The computer model develop-
ment can be extended to include several vertebrae and
the connecting ligaments, discs, and facet joints. Fu-
ture studies would be to develop the similar protocols
to investigate other diagnostic maneuvers commonly
used in the case of neck-pain patients.

[30] EFFECTS OF SPINAL FUSION WITH INSTRUMENTATION ON THE STABILIZED

SPINE: A PILOT STUDY

Tae-Hong Lim, PhD; Avinash G. Patwardhan, PhD; Jung Hwa Hong, MS; Howard S. An, MD; Lee H. Riley 111, MD;

Scott Hodges, MD; Michael R. Zindrick, MD

Medical College of Wisconsin, Milwaukee, Wi 53022; Loyola University Medical Center, Maywood, IL 60153;

VA Hines Hospital, Hines, IL 60141

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420

(Pilot Project #A91-278AP)

PURPOSE—The purpose of this study was to investi-
gate the effects of spinal instrumentation on
biomechanical properties of the intervertebral disc ad-
jacent to the stabilized segment.

METHODOLOGY— Ten male mongrel dogs
(weight: 25-30 kg) were used in this study. Five ex-
perimental dogs (age 1.5 yrs) underwent posterior fu-
sion with Isola transpedicular instrumentation from LS

to sacrum, and were euthanized after 30-week follow-
up period. Five control dogs (age 2 years) were eu-
thanized at the beginning of the study. A 3-D motion
analysis system consisting of cameras and a worksta-
tion was used to obtain the load-displacement data of
the harvested spines via load controlled tests to define
the flexibility of each motion segment within L4-sa-
crum region for the following cases: intact control, the
control stabilized with Isola, the experimental group
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with Isola, and experimental group after removing
Isola instrumentation.

Afterward, the L4-5 motion segment adjacent to
the fusion was separated and its posterior bony ele-
ments and ligaments were dissected to leave the body-
disc-body unit intact. The prepared specimen under-
went biomechanical tests to quantify the viscoelastic
properties of the L4-5 disc in terms of the relaxation
and cyclic load-displacement responses. For the relax-
ation test, the specimen was subjected to a constant
strain of 8 percent, and the total relaxation test period
was 1 hour. A three-parameter standard linear solid
model was used to quantify the viscoelastic parame-
ters. In the cyclic test, the load-unload cycles were
repeated 50 times at 1012 percent strain for 0.1 and 1
Hz testing frequencies. The last three load-displace-
ment loops were used to determine the dynamic stiff-
ness and hysteresis. Following testing, the L4-5 discs
were sectioned to investigate gross anatomic or degen-
erative changes.

PROGRESS—The animal model was developed and
the biomechanical tests were performed as planned.

RESULTS—No complications were observed during
the follow-up period, but loosening at the rod-screw
connection was observed at the sacrum level in four
out of five dogs at sacrifice. Tests on control speci-
men showed that Isola instrumentation provided a sta-
tistically significant acute stabilization across L5-

sacrum in all modes of loading. Control specimens
showed a significantly larger flexibility at the lumbo-
sacral junction as compared to the other lumbar seg-
ments. The flexibility data from the experimental
group indicated a solid fusion across L5-L7 levels but
nonunion at the L7-sacrum segment. There were no
statistically significant differences in the flexibility
and viscoelastic parameters of the L4-5 segment be-
tween the control and experimental groups. No gross
signs of degeneration were observed at the L4-5 disc
space.

FUTURE PLANS—The results of our study suggest
the following questions: 1) What are the changes in
biochemical composition and nutrition of the disc ad-
jacent to fusion? Although biomechanical changes
were not detected at the end of 30 weeks, fusion may
induce changes in the biochemical and nutritional en-
vironments, which may indicate a degeneration pro-
cess. 2) Are the biomechanical properties of the adja-
cent disc significantly affected in the presence of a
solid fusion at the lumbosacral junction? In the pilot
study we were unable to study this effect due to the
nonunion at the L7-sacrum level, which has the great-
est segmental flexibility in the dog lumbar spine. In
order to study this question we will have to develop a
method to achieve solid lumbosacral fusion in the dog
model. Further investigations are being planned to ad-
dress these questions.

[31] EFFECT OF SURGICAL PROCEDURES ON THE STABILITY OF THE LUMBAR

MOTION SEGMENT

Gunnar B.J. Andersson, MD; Avinash G. Patwardhan, PhD; Raghunath N. Natarajan, PhD; Steven A, Lavender, PhD
Rush Presbyterian-St. Luke’s Medical Center, Chicago, IL 60612; Loyola University Chicago, Maywood, IL 60153; Hines VA Hospital,

Hines, IL 60141

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#A830-RA)

PURPOSE—Many surgical procedures of the lumbar
spine require removal of tissue from the motion seg-
ment, for example, laminectomy and discectomy.
When large amounts of tissue are removed, the stiff-
ness of the motion segment is reduced to a degree that
there is an abnormal response to an applied load. To
compensate for this decrease in stiffness, which in

addition to creating pain may present a risk to neuro-
logical structures, fusion surgery is sometimes per-
formed. At the present time, there is a clinical contro-
versy about when a fusion should or should not be
performed. The question of whether to fuse or not is
important since the fusion procedure increases the
morbidity from spinal surgery. Further, when one mo-
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tion segment is fused, the adjacent segments receive
increased stress, placing these segments at risk of fu-
ture injury.

The overall hypothesis is that when parts of a
motion segment are resected for clinical purposes, its
stiffness decreases in a nonlinear manner; and that
there is a critical magnitude of resection at which a
large stiffness decrease occurs (the breakpoint),
thereby making the segment unable to meet the load-
bearing requirements of everyday activities, and mak-
ing restabilization (fusion) necessary.

The purpose of this research is to quantify the
breakpoints for the commonly used surgical tech-
niques of facet and disc resection through a combina-
tion of experimental and analytical techniques. The
information generated in this study will be used as a
basis for developing recommendations concerning
when to fuse and when not to fuse.

METHODOLOGY—The study will be conducted in
three phases. In the first phase, we will perform exper-
iments on human cadaveric lumbar spine specimens to
determine the effects of surgical procedures on the
load-displacement behavior of lumbar motion seg-
ments. The experiments will simulate 18 uniquc com-
binations of surgical procedures, including unilateral
and bilateral facet removal and disc denucleation.
Each simulated surgical procedure will be tested
under four types of loads: compression, flexion, lat-
eral bending, and axial torsion. In the second phase,
we will validate an existing finite element model of a
lumbar motion segment by modeling the experimental
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simulations of 18 combinations of facet removal and
disc denucleation, each subjected to four types of
loads. In the third phase, we will use the validated
finite element model to conduct a detailed parametric
study of the effects of surgical procedures on the
change in stiffness of the lumbar motion segments.
Seventy-five unique combinations of unilateral and
bilateral facet removal and disc denucleation will be
simulated, each subjected to compression, flexion, lat-
eral bending, and torsion. The finite element model
will also be used to determine how disc height and
facet orientation influence changes in the stiffness of
the motion segment caused by different surgical pro-
cedures. The simulation results will be analyzed to
determine the critical magnitude of surgical resection
that causes a large decrease in the stiffness of the
lumbar motion segment (breakpoint).

PROGRESS—We are in the process of fabricating
and testing the spinal loading device. We are also
conducting sensitivity analysis using the existing fi-
nite element model of a lumbar motion segment to
determine the sensitivity of the model’s response to
the various assumptions concerning the model geome-
try and material properties.

FUTURE PLANS—During the first year fresh human
cadaveric lumbar spines will be acquired and experi-
ments will be performed on 30 specimens. After com-
pleting the sensitivity analysis on the finite element
model, validation studies will be initiated.

Bruce J. Sangeorzan, MD; Allan Tencer, PhD; Richard Harrington; John Sidies, PhD; Randall Ching, PhD
Seattle VA Medical Center, Seattle WA, 98108; University of Washington Harborview Biomechanics Lab, Seattle WA 98104

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#A553-2RA)

PURPOSE—The overall aim of this research is the
characterization of the mechanical function of the
joints of the hindfoot and midfoot. The goal of the
first part of the research is to develop a testing system
to determine 3-D kinematics of the tarsal bones under
normal conditions. This will allow testing of the effec-

tiveness of some commonly performed surgical treat-
ments that alter the mechanical properties of the foot.
The second component of the study is to clarify the
role of the talus in distributing load between the hind
foot and the midfoot and determine the effects of the
same fusion procedures studied kinematically.
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METHODOLOGY—For kinematics, a three-channel
spatial sensor system is used to record the position
and orientation of the tarsal bones with respect to the
calcaneus in six degrees of freedom, as well as to
digitize the anatomical landmarks of these three bones
relative to their respective sensors. A force and torque
transducer i1s used to record applied loads.
““‘Orthokine’’ software, written by coinvestigator Si-
dles, takes the raw input from the sensors and facili-
tates transforming the sensor-based coordinates into
user-defined anatomy-based coordinates. Algorithms
estimate the mechanical center of the subtalar joint,
and offer quasi-real-time computation of rotational
and linear displacements from reference positions.
Anatomic and positional data are employed to draw
computer images of bones and to animate the move-
ment of these images with respect to each other. A
workstation receives image, position, and motion out-
put from the Orthokine software and produces ani-
mated color images that can be viewed from any de-
sired perspective.

For contact charactersitics, a load is applied
through a pneumatic cylinder at a controlled rate.
Measurements of the contact pressure between joint
surfaces is made using two grades of pressure sensi-
tive film, that was cut with a die made from a template
of the joint to be studied. The layers of film were
assembled and sealed in clear waterproof tape, making
a transducer of 0.305 mm thickness. A quantitative
analysis is produced by scanning the film along with
calibration strips using a desktop scanner at 256 grey
level resolution. The resulting image is analyzed using
an image analysis program in a personal computer.

PROGRESS—The feasibility of the testing tech-
niques has been established. The data collection has
been completed for normative kinematic data and iso-
lated disruption of single joint function. Data collec-
tion has also been completed for the contact pressures
in the talonavicular joint, but it is not yet analyzed.

RESULTS—From the motion studies, an ‘‘Inman
style’” uniaxial model best described motion in all
four hind foot articulations. The orientations of the
rotational axes define the relative coupled motions
between adjacent bones. Strong coupling of motion in
the subtalar, talonavicular, and calcaneocuboid joints
was found between inversion (angular rotation of the
inferiorly directed axis toward the medial axis) and
adduction (anteriorly directed axis toward the medial
axis). Calcaneocuboid range of motion was only 35
percent of that of the talonavicular joint. Fusion of the
calcaneus and cuboid had relatively little effect on the
angular axes and ranges of motion of the other articu-
lar articulations. The main effect was a loss of 10° of
talonavicular motion.

FUTURE PLANS/IMPLICATIONS—The same
procedure will be used to study the effects of
talonavicular fusion and combined calcaneus-cuboid-
navicular fusions, and to look at the effect of muscle
imbalances that occur with strokes and other neuro-
logic diseases.

RECENT PUBLICATIONS FROM THIS RESEARCH

Contact characterislics of 1he sublalar joinl: 1he effect of calcaneus
fraclure misalignmenl. Sangeorzan BJ, Ananthakrishnan D, Ten-
cer A.J Orthop Trauma. In press.
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Zindrick, MD; Farid Amirouche, PhD

Loyola University Chicago, Maywood, IL 60153; Hines VA Hospital, Hines, IL 60141; Illinois Institute of Technology, Chicago, IL

60616; University of lllinois at Chicago, Chicago IL 60680
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PURPOSE—Epidemiological studies suggest that
when prolonged loading is combined with low-
frequency vibration (e.g., vertical oscillations in oper-

ating a motor vehicle), the incidence of low-back pain
complaints is significantly increased. In these environ-
ments, a spinal segment experiences static and dy-
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namic loads in axial compression, bending and shear,
that occur due to the natural curvature of the spine.
This is particularly applicable to the L4-L5 and L5-
S1 discs, where the lordotic anatomic configuration
predetermines the presence of a large shear compo-
nent. Clinical observations that these discs are most
commonly implicated in low back disease suggest that
shear may play a significant role in affecting the
disc’s ability to sustain compressive loads in static as
well as dynamic loading environments.

The purpose of this study was to determine: the
responses of lumbar discs to prolonged loading and
low-frequency vibration in anterior shear and in com-
pression; the effect of combined loading in the sagittal
plane on the shear and compressive responses; and the
effects of disc degeneration on the behavior of the
lumbar discs in shear, compression, and combined
loading.

METHODOLOGY—Fresh human cadaveric lumbar
discs were tested in pure shear, pure compression, and
combined modes. In each loading mode, the static and
dynamic stiffness, hysteresis, and load relaxation be-
havior of each specimen were measured. The degener-
ation grade of each disc was quantified using T2-
weighted images of sagittal section MRI scans. Data
were analyzed using repeated measures ANOVA.

PROGRESS—Eleven lumbar disc specimens have
been tested and the data analyzed as described above.

RESULTS—The responses of lumbar discs to pro-
longed loading and low-frequency vibration in shear
were significantly different than those in compression.
The relaxation time constant in pure shear was 36
percent smaller than the value in pure compression
(p<0.05). The percent load relaxation in pure shear
was 40 percent smaller than in compression (p<0.01).
The instantaneous and equilibrium stiffness values in
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shear were smaller than the values in compression by
75 and 60 percent, respectively (p<0.001). The dy-
namic stiffness in pure shear was 60 percent smaller
than in compression (p<0.001). In pure shear, the hys-
teresis value tended to be smaller than in pure com-
pression (p=0.08).

Disc degeneration affected the response of lum-
bar discs to prolonged loading and low-frequency vi-
bration in pure shear and compression. Increasing disc
degeneration (grade 1 vs. 3) significantly reduced the
instantaneous, equilibrium, and dynamic stiffness, and
increased the load relaxation and hysteresis of lumbar
discs in shear. Similar trends were observed for the
response in compression.

The responses of lumbar discs in compression
were significantly affected in the presence of com-
bined loading. The instantaneous and equilibrium
compressive stiffness decreased by 52 and 23 percent,
respectively (p<0.01). The compressive load relax-
ation decreased by 48 percent in the combined loading
mode (p<0.01). The combined loading mode also
caused a decrease of 37 percent in the dynamic com-
pressive stiffness (p<0.01). The energy dissipation
characteristic in compression decreased significantly
(p<0.05) as a result of combined sagittal plane load-
ing.

The structure of the intervertebral disc appears
significantly better suited for resisting prolonged and
dynamic loads in compression than in shear. The abil-
ity of the disc to resist compression is adversely af-
fected by combined shear and compression loading.
The presence of a large shear at the L4-5 and L5-S|
discs may explain the increased incidence of disc inju-
ries at these levels.

FUTURE PLANS—Further studies are planned to in-
vestigate the effects of different shear/compression ra-
tios, and to correlate disc responses to disc structure
and composition.
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OSTEOARTHRITIS
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Sponsor: National Institutes of Health

PURPOSE—Many theories have been advanced in
the effort to explain how the relatively soft cartilage
matrix in skeletal joints can accommodate motion
with very low friction when loaded and either last a
lifetime or fail in the degenerative disease, osteoar-
thritis. This project, using a combined experimental
and analytical approach, offers convincing evidence
that the synovial joint is a self-pressurized, hydrostatic

bearing, a concept first proposed by McCutchen in
1957.

METHODOLOGY—This project benefits from prior
unique instrumentation which produces detailed pres-
sure maps of acetabulae cartilage, both in vitro and in
vivo, and ultrasonically based techniques for measur-
ing cartilage layer, geometry, permeability, and modu-
lus in situ. Cadaver acetabulae are step-loaded with a
pressure-instrumented pseudoendoprosthesis to pro-
duce a time record of pressure distribution. The same
cartilage is then loaded in the same way with an iden-
tical endoprosthesis which monitors ultrasonically the
time consolidation of the joint, permitting detailed cal-
culation of the time evolution of the cartilage-layer
geometry. A finite-element, analytical model applies
these experimental boundary conditions (pressure and
geometry) to calculate the fluid flow, both tangentially
in the cartilage and radially from the cartilage into,
and then through, the interarticular space. The calcula-
tion iteratively matches the boundary conditions.

RESULTS—The combined experimental and analyti-
cal approach quantifies the fluid flow radially into the
interarticular space, evaluates the conductance of that
interarticular space relative to the conductance tangen-
tially through the cartilage layer and thereby estab-

lishes, without qualification, that the joint operates as
a self-pressurized fluid bearing. The pressure gradient
in the cartilage is from deep in the cartilage to the
interarticular space, challenging the ‘‘boosted’’ theory
of cartilage tribology. The matrix stress on the colla-
gen-proteoglycan structure is shown to be a small
fraction of a megapascal in magnitude. Thus as long
as the interarticular seal maintains the pressures we
have measured in vitro and in vivo in the human hip
joint, the matrix is never at risk. However, if the seal
is breached by fibrillation of the cartilage structure,
the fluid pressure cannot be maintained, the cartilage
matrix is subjected to the imposed load, and is de-
stroyed, as in the osteoarthritic process.

IMPLICATIONS—Future research must address
threats to the sealing of the fluid within the cartilage.
Failure is likely to occur either at the superficial layer
or at the tide mark, the normally fluid-impervious in-
terface between ossified cartilage and bone. Excessive
leakage at either the top or bottom of the cartilage
layer will put the matrix at risk. Studies of the nature
of the interarticular seal should be pursued; it is now
believed to be a consequence of the first-order varia-
tions (approximately 75 microns RMS) on the nor-
mally spherical shape of the femoral or acetabulum. A
recent estimate of the average radial width of the
interarticular space over the load-bearing area indi-
cated a clearance of 10 to 20 microns.

RECENT PUBLICATIONS FROM THIS RESEARCH

Cartilage stresses in the human hip joint. Mann RW. J Biomech
Eng 1994:116:10-8.
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[35] CALCULATION OF KNEE LIGAMENT LOADS DURING REHABILITATION

EXERCISES

D.E. Toutoungi, BA; T.W. Lu, BE, MS; R. Giampaoli, Eng; A. Leardini, Eng; F. Catani, MD; J.J. O’Connor, BE, PhD
Oxford Orthopaedic Engineering Centre, University of Oxford, Oxford OX3 7LD, UK; Movement Analysis Laboratory, Biomechanics

Laboratory, Istituto Ortopedici Rizzoli, 40136 Bologna, Italy

Sponsor: None listed

PURPOSE—Effective rehabilitation is critical to the
success of knee ligament reconstruction. In order to
devise rational rehabilitation protocols, one should un-
derstand the patterns of ligament loading during reme-
dial exercises, so that the most suitable load environ-
ment for the ligament graft can be achieved. In-vivo
measurement of ligament forces is difficult and has
only been done for very small numbers of subjects.
In-vitro measurement is not suitable, since it is im-
possible to reproduce many of the active movements
carried out as rehabilitation exercises. Therefore we
have decided to calculate the ligament forces mathe-
matically. However, due to the mechanical indetermi-
nacy of the knee joint, this is not a trivial task. The
purpose of this study is to develop a procedure for
calculating ligament forces and to use that procedure
to determine the forces carried by the ligaments dur-
ing a range of rehabilitation exercises.

METHODOLOGY—In the preliminary stages, the
exercise investigated was isokinetic flexion/extension.
An isokinetic dynamometer applies to the tibia a
known external force, which is automatically varied
so as to keep the angular velocity of the tibia nomi-
nally constant (hence isokinetic). A stereo-
photogrammetric system is used to record the posi-
tions of markers on the limb segments during the
exercise and the line of action of the applied force.
From the smoothed and filtered time-histories of the
marker positions, it is possible to calculate the accel-
eration of the tibia and the exact knee flexion angle at
any given time. This data can be used to calculate the
resultant force and moment at the joint. A computer-
ized two-dimensional geometrical model of the knee
is then used to calculate moment arms and lines of
action of muscle, ligament and contact forces, reduc-
ing the indeterminacy of the system. The model incor-
porates the quadriceps, hamstrings, and gastrocnemius
muscle groups, the anterior and posterior cruciate lig-
aments, and the patello-femoral joint. Passive motion

is governed by a planar four-bar linkage. The liga-
ments are taken to be extensible and antero-posterior
(a-p) tibial translation due to elastic deformation of
the ligaments can also be modeled. It is possible to
determine three forces and the value of the a-p tibial
displacement simultaneously. In total therc are six
possible forces included in the model. Therefore, we
take combinations of three out of the six forces in
turn, setting the other three to zero, and calculate their
values. Any combinations that yield tensile contact
forces or compressive muscle forces are discarded, as
they are physiologically impossible. This reduced the
number of admissible solutions considerably. The re-
maining combinations arc compared with temporal
EMG signals recorded during the exercise.

PRELIMINARY RESULTS—AIl possible single-
muscle solutions wcre calculated. These solutions rep-
resent the limiting cases for the ligament forces; if
co-contractions occur, the true ligament forces will be
lower than the calculated values. At each flexion
angle, up to two valid solutions were found. EMG
supported the assumption of single muscle activity for
quadriceps contractions, but suggested that hamstrings
and gastrocnemius arc active concurrently. Prelimi-
nary values from three subjects for the mcan peak
ligament forces are: 0.31 (SD 0.03) body-weight
(BW) for the ACL and 1.33 (SD 0.61) BW for the
PCL, both occurring at a nominal angular velocity of
100°/sec. No significant diffcrences between pcak val-
ues at different velocities have bcen established. Dur-
ing the exercise, the angular velocity of thc tibia is
rarely constant, which shows that an isokinetic dyna-
mometer does not produce a true isokinetic contrac-
tion.

FUTURE PLANS—Further subjects will be evalu-
ated in order to improve the statistical power of the
study. A variety of other exercises, such as isometrics
and isotonics, will also be investigated.
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Redundant nature of locomotor optimization laws. Collins JJ.
J Biomech 1995:28(3):251-67.
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press.
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[36] A PINNED POLYMER MODEL OF POSTURE CONTROL

C.C. Chow; James J. Collins, PhD

NeuroMuscular Research Center, Boston University, Boston, MA 02215
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Washington, DC 20420 (Project #£756-RA)

PURPOSE—In our earlier posturographic studies, it
was demonstrated that the time-varying displacements
of the center of pressure (COP) under the feet of
quietly-standing subjects could be represented as a
stochastic process. This motivated the use of mathe-
matical tools from nonequilibrium statistical mechan-
ics. Accordingly, the objective of this study was to
devclop a phenomenological stochastic model for pos-
ture control, one which yields physiologically-relevant
parameters and output that corresponds to experimen-
tal posture data.

METHODOLOGY—Guided by the posturographic
data and the biomechanical constraints of the human
body, we derived a stochastically driven partial differ-
ential equation to model posture control. This equa-
tion considered thc upright body to be a stochasti-

cally-driven pinned polymer. A polymer is a flexible
string under tension; it is a coarse-grained approxima-
tion of the body. The pinning represents the corrective
actions of the postural control system, which work to
keep the body upright.

RESULTS—The model reproduced the correlation
functions computed from the experimental data and
characterized posture control in terms of four physio-
logically relevant parameters. With the pinned poly-
mer model, the response to a perturbing force could
also be calculated and characterized using the parame-
ters derived from the quiet-standing data. This feature
of the model is important from a motor control stand-
point because it allows one to test the hypothesis that
quasi-static posture control and dynamic posture con-
trol are governed by the same mechanisms.

[37] ANATOMICAL FRAME DEFINITION, DETERMINATION, AND EXCHANGE IN

MOVEMENT ANALYSIS

A. Cappozzo; F. Catani; U. Della Croce; M.G. Benedetti; A. Leardini
Istituto di Fisiologia Umana, University of Sassari, lialy; Biomechanics Laboratory, Istituti Ortopedici Rizzoli, 40136 Bologna, lialy;

Istituto di Fisiologia Umana, University '‘La Sapienza’’ Roma, laly

Sponsor: C.I..C. programme AIM - CAMARC Il

PURPOSE—This rescarch deals with methodological
problems in reconstructing the position and orienta-
tion of the human pelvis and the lower limb bones in
space during the execution of locomotion and physical

exercises using stereophotogrammetric systems. In
order to make movement analysis effective in the so-
lution of rehabilitation and clinical problems, a struc-
tured conceptual background is needed in addition to
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standardized definitions and methods. Technical solu-
tions that make data sharing and relevant data banks
possible are also of primary importance. This research
study makes suggestions in this context.

METHODOLOGY—For practical purposes, the
bone-embedded frames ought to meet the following
requirements: 1) their determination from experimen-
tal data should be repeatable both inter- and intra-
individually; 2) they should possibly incorporate suit-
able axes with respect to which both rotations and
translations of the joint may be defined; and 3) they
should permit an easy estimation of the body segment
center of mass and principal axes of inertia. Their
identification will therefore be based on the location
of a number of anatomical landmarks.

A number of selected anatomical landmarks has
been identified, according to established anatomical
literature and our own experience in gait analysis.
Based on these landmarks, anatomical systems of axes
for the pelvis and lower limb segments have been
defined and are proposed for standardization. In order
to enrich relevant knowledge and help the user in the
anatomical landmarks’ trajectories reconstruction dur-
ing movement, the experimental protocol called *‘Cal-
ibrated Anatomical System Technique’’ (CAST) has
been developed. Anatomical landmark location may
be determined using a pointer, on which a minimum
of two markers has been mounted at an adequate dis-
tance. The experimenter points the tip of the pointer
onto the anatomical landmark so that the markers on
the pointer and the relevant body segment technical

[38] EXPERIMENTAL ARTIFACTS IN MOVEMENT ANALYSIS
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markers are visible to the cameras. Through obvious
geometric calculations and using the reconstructed po-
sition of the pointer markers, the location of the ana-
tomical landmarks may be determined.

Finally a proposal of a preprocessed gait data
(PGD) format, which refers to the position and orien-
tation in space of the body segments involved during
the movement, was proposed for standardization. This
data file is intended for use in exchange between lab-
oratories and to be fed into concerted data-processing
software.

RESULTS—The CAST method is usually more prac-
tical than the classical ones, especially when the ana-
tomical landmark is in an awkward position. The PGD
lexicon reduces the redundancies and makes the kine-
matic variables of each body segment easily shared
between laboratories, without involving knowledge on
the specific set-up used. Thus it is now possible to
exchange data, or to create a shared database of gait
data.

RECENT PUBLICATIONS FROM THIS RESEARCH

Position and attitude in spaee of bones: calibrated anatomical sys-
tem technique. Cappozzo A, Catani F, Leardini A. In: Proeeed-
ings of 8th Annual East Coast Clinieal Gait Conference; Roeh-
ester, 1993.

Position and orientation in spaee of bones during movement: ana-
tomical frame definition and determination. Cappozzo A, Catani
F, Della Croee U, Leardini A. Clin Biomee. In press.
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PURPOSE—This study deals with experimental
problems in reconstructing the position and orienta-
tion of the human pelvis and the lower limb bones in
space during the execution of locomotion and physical
exercises using stereophotogrammetric systems.
Stereophotogrammetry is limited by accuracy in ex-
perimental errors associated with the skin marker
movement artifacts, which make the estimation of

small but clinically relevant angular and linear joint
movement critical. This research is intended to con-
tribute to the solution of this problem.

METHODOLOGY—Quantitative information re-
garding the so-called skin movement artifact was col-
lected from experiments on eight subjects, who had
suffered fractures and were wearing either femoral or



38

Rehabilitation R & D Progress Reports 1994

tibial external fixators. Clusters of markers attached to
these latter devices, and relevant local coordinates of
suitable anatomical landmarks, allowed the calcula-
tion of anatomical frames which could be assumed to
be rigid with the underlying bones. Markers were lo-
cated above typically used anatomical landmarks:
greater trochanter (GT), lateral epicondyle (LE), head
of the fibula (HF) and lateral malleolus (LM). Clusters
of markers were also attached to the lateral aspect of
the instrumented segment, at first directly on the skin
surface and later on rigid plates strapped to the seg-
ment using elastic bands.

Several cycles of level walking at a natural ca-
dence, of cycling on a cyclette, and of elementary
joint rotation were analyzed. For each experiment, the
displacement of the skin markers in the relevant bone
anatomical frame could then be determined during
movement. Moreover, in order to gain insight into the
effect that the artifacts may have on the estimation of
joint angles, the orientation vector of the anatomical
system of axes was calculated from the clusters of
technical markers (with respect to the bone anatomical
frame) in each sampled instant of time.

In order to assess qualitative information about
the same artifact in subjects with intact musculoskele-
tal structures, videofluoroscopy was used in non-
disabled subjects. Sagittal digital videofluroscopic im-
ages of hip, knee, and ankle were collected at a rate of
6 per second, from four nondisabled subjects, while
the subject was performing a flexion movement of the
joint.

[39] POSTURAL CONTROL IN PARKINSON’S DISEASE

RESULTS—Both external fixator and video-
fluroscopy experiments have confirmed that skin
marker artifacts are usually overwhelming when com-
pared to photogrammetric errors. GT, LE, HF, and
LM skin markers underwent displace.nents in the
range of 10 to 30 mm, proportional to the closest joint
rotation. The trajectories of the same anatomical land-
marks reconstructed using plate mounted markers
have shown better results. The cluster skin markers
artifact affected the estimation of the knee joint kine-
matics during walking, by inaccuracies which, for
flex/extension, ad/abduction and inter/external rota-
tion, roughly amount to 10, 50, and 100 percent of the
respective movement range angle.

FUTURE PLANS—AIlthough, at present, skin marker
artifacts are larger than desired and affect signifi-
cantly the kinematics evaluation of joint, a better de-
sign of the coupling between body segment and the
relevant markers to be collected would significantly
improve the reliability of the estimation of the posi-
tion and orientation in space of bones using
stereophotogrammetry.

RECENT PUBLICATIONS FROM THIS RESEARCH:

Calibrated anatomical system technique in 3D motion analysis:
assessment of artifacts. Cappozzo A, Catani F, Della Croce U,
Leardini A. In: Proceedings of 11 International Symposium on
3D Analysis of Human Movement; Poiters, 1993.

Skin movement artifacts in human movement photogrammetry.
Cappozzo A, Catani F, Leardini A. In: Abstracts of XIV Con-
gress of the ISB; Paris, 1993.
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PURPOSE—Parkinson’s disease (PD) is a common
neurodegenerative condition in the elderly. Postural
instability is the hallmark of advanced disease and can
result in significant morbidity manifested by falls, de-
creased mobility, and functional decline. Despite the
frequency and severity of this problem, the postural
dyscontrol associated with PD remains a poorly un-

derstood phenomenon. The objective of this study was
to use stabilogram-diffusion analysis to gain an in-
creased understanding of the postural impairments as-
sociated with PD.

METHODOLOGY—We obtained clinical data from
22 patients with PD and 25 nondisabled elderly sub-
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jects. The two groups were matched for age and gen-
der. Each individual’s postural stability was evaluated
by using a force platform to measure the movements
of the center of pressure (COP) under his/her feet. The
individuals were tested under eyes-open conditions for
multiple 30-sec trials. The COP trajectories were pa-
rameterized according to stabilogram-diffusion analy-
sis. Standard statistical analyses were used to compare
the results for the PD patients with those from the
nondisabled subjects.

RESULTS—We found that: 1) the stochastic activity
of the open-loop and closed-loop postural control
mechanisms in the mediolateral (ML) direction was
significantly greater in the PD patients, 2) the ML/AP
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(anteroposterior) ratio of postural stochastic activity
was increased in the PD patients, 3) the PD patients
utilized open-loop postural control schemes over a
greater distance in the ML direction, and 4) a higher
ML/AP ratio of postural stochastic activity during
quiet stance correlated with poorer performance on
clinical measures of physical function, such as func-
tional reach, habitual gait speed, and a comprehensive
clinical balance scale. Our finding that PD patients
have a greater tendency to sway mediolaterally may
be the consequence of rigidity at the ankle joint which
is restricting the typical anteroposterior movement of
quiet stance. This functional change could predispose
a PD patient to impairments of balance and physical
function.

[40] MODEL OF THE NEURO-MUSCULO-SKELETAL SYSTEM FOR HUMAN

POSTURE AND GAIT

G. Taga; James J. Collins, PhD

NeuroMuscular Research Center, Boston University, Boston, MA 02215

Sponsor: Japan Society for the Promotion of Science

PURPOSE—Computational models can be developed
and used to gain insight into the complex interactions
that exist between the neuromuscular and biomechani-
cal components of the human motor control system. In
an earlier study, one of us proposed that the dynamic
stability of gait is established through the global en-
trainment between neural dynamics and musculo-
skeletal dynamics. The objective of this study was to
extend the aforementioned work and create a theoreti-
cal framework for understanding both posture and
gait. We hypothesized that there are separate mecha-
nisms responsible for static and dynamic stability and
that there exist flexible interactions between these
mechanisms which generate integrated movements,
depending upon the environmental and task con-
straints. In this study, we considered stepping in place,
which is a task that involves both static balance and
dynamic limb movements.

METHODOLOGY—The sagittal-plane model of the
human body consisted of eight segments and single-

joint muscles. The neural model was composed of a
posture controller (PC) with two neural units for each
limb and a central pattern generator (CPG) with six
neural oscillators for each joint. The PC produced
coactivation signals for all the muscles, while the
CPG generated reciprocal activation of the antagonis-
tic muscles. The PC was excited when the ipsilateral
foot was on the ground and inhibited when the ipsilat-
eral CPG was active. We used a computer program
based on this model to conduct a series of simulations.

RESULTS—We obtained stable stepping with the
model. The coactivation of the stance-limb muscles by
the PC maintained posture, while the reciprocal acti-
vation of the swing-limb muscles by the CPG pro-
duced stepping movements. This result supports the
hypothesis that integrated movements are produced by
the interplay between static and dynamic controllers.
We plan to extend this work by studying how transient
states are controlled during the transitions between
quiet standing and stable walking.
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[41] MODEL FOR THE DYNAMIC POSTURAL CONTROL SYSTEM

James J. Collins, PhD; Ann E. Pavlik, BS; Carlo J. De Luca, PhD

NeuroMuscular Research Center, Boston University, Boston, MA 02215

Sponsor: Liberty Mutual Insurance Company

PURPOSE—This project is designed to develop a
physiologically-based, mathematical model of the dy-
namic postural control system. In our earlier
posturographic investigations, we proposed that open-
loop and closed-loop neuromuscular control mecha-
nisms are involved in the regulation of undisturbed,
upright stance. The objective of this study was to
conduct in numero experiments to test the above
open-loop/closed-loop postural control hypothesis and
to explore the functional roles of related neural and
biomechanical factors.

METHODOLOGY—The computer model we devel-
oped can take the form of a single-link or multi-link
inverted pendulum. The joints of each pendulum are
constrained by spring-dashpot systems and noisy force
actuators. The software package permits the user to
set interactively each parameter affecting the mod-
elled system. The computer model is enabled to ex-
plore the effects of various control systems, such as:
1) a proportional, derivative, accelerative feedback
controller, 2) a variable-gain feedback controller, 3) a

sampled data system, and 4) an ON/OFF feedback
controller with an error dead-zone. The output of the
system consists of the time-varying position of the
system’s center of mass and center of pressure. In this
preliminary study, we conducted a series of computer
experiments to explore the possible role of active
stiffness (arising from activated postural muscles) and
passive stiffness (arising from soft-tissue elements,
such as tendons and ligaments) in the maintenance of
upright stance.

RESULTS—We found that the baseline active and
passive stiffness values reported in the literature were
insufficient to maintain the model in an upright
stance. Importantly, the inverted-pendulum model was
based on realistic anthropometric parameters. With
larger stiffness values (ones which were not physio-
logically reasonable), it was possible to stabilize the
system, for a range of initial conditions and in a noisy
environment. These findings suggest that the mainte-
nance of quiet standing does not rely simply on stiff-
ness mechanisms.

[42] BIOMECHANICAL EVALUATION OF THE EFFECTS OF LOAD CARRYING ON

DYNAMIC BALANCE CONTROL

James J. Collins, PhD; Ann E. Pavlik, BS; Carlo J. De Luca, PhD

NeuroMuscular Research Center, Boston University, Boston, MA 02215

Sponsor: Liberty Mutual Insurance Company

PURPOSE—A number of movement-related injuries
in the workplace are associated with load-carrying
tasks. There is a need to gain an increased understand-
ing of how different load-carrying situations affect the
‘“‘dynamic’’ postural control system. There is a related
need to develop an objective test for evaluating quan-
titatively an individual’s risk for slipping and falling
while carrying a weight. Information derived from
such investigations could be used to redesign poten-
tially-dangerous work tasks (e.g., by establishing
safety limits for the weights to be carried). The objec-

tive of this project was to conduct analyses of the
effects of load carrying on dynamic balance control.

METHODOLOGY—We developed an experimental
protocol for evaluating an individual’s ability to initi-
ate walking while carrying different weighted boxes.
With this protocol, a force platform is used to measure
the displacements of the center of pressure (COP)
under an individual’s feet, and a motion analysis sys-
tem is utilized to measure the subject’s lower-limb
kinematics during the gait-initiation period. EMG sig-
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nals are also recorded from selected lower-limb mus-
cles. During the testing, each subject is instructed to
stand on the platform for a brief period while holding
a weighted box. They are then instructed to walk for-
ward off the platform and to continue walking for
several steps. Multiple trials are conducted for each
load-carrying condition.

RESULTS—To date, we have completed the develop-
ment of analytical software for extracting a number of
parameters from the kinetic and kinematic data, in-
cluding: 1) the maximum displacement of the COP
under the subject’s feet, 2) the relative timing of foot-

Biomechanics

contact events, and 3) the relative time to the maxi-
mum angular deflection of the hip, knee, and ankle of
the subject’s swing leg. These parameters will be ana-
lyzed to determine how an individual modifies the
behavior of their dynamic postural control mecha-
nisms to compensate for the fact that they are carrying
a load. In addition, we have collected preliminary data
on four subjects, each of whom were tested under
unloaded conditions. We plan to examine a total of 20
nondisabled young subjects aged between 21 and 30
years. All subjects will be tested under loaded and
unloaded conditions.

[43] EFFECTS OF HEAD INJURY ON OPEN-LOOP AND CLOSED-LOOP POSTURAL

CONTROL MECHANISMS

James J. Collins, PhD; Carlo J. DeLuca, PhD; Casey Kerrigan, MD; Ann E. Pavlik, BS
NeuroMuscular Research Center, Boston University, Boston, MA 02215; Spaulding Rehabilitation Hospital, Boston, MA 02114

Harvard Medical School, Boston, MA 02114

Sponsor: Liberty Mutual Insurance Company

PURPOSE—Head injuries are often the result of ac-
cidents that occur during a variety of daily activities,
such as descending stairs or driving a motor vehicle.
These injuries can lead to a series of long-term move-
ment and balance problems. It is surprising, therefore,
that only a small number of posturographic investiga-
tions have reported on means for evaluating the sever-
ity and dysfunction due to head injury. The objective
of this study was to use stabilogram-diffusion analysis
to gain an increased understanding of the functional
neuromuscular changes that result from head injuries.

METHODOLOGY—We examined 10 patients with
head injuries recruited from the Spaulding Rehabilita-
tion Hospital. Each patient’s postural stability was
evaluated by using a force platform to measure the
movements of the center of pressure (COP) under
his/her feet. The patients were tested under eyes-open
and eyes-closed conditions for multiple 30-sec trials.
The COP trajectories were parameterized according to
stabilogram-diffusion analysis. Standard statistical

analyses were used to compare the results from the
head-injured patients with those from age-matched
nondisabled individuals.

RESULTS—We found that the operational character-
istics of the open-loop and closed-loop postural con-
trol mechanisms for the patients were significantly
different from those for nondisabled individuals. For
instance, we found that the stochastic activity of the
open-loop and closed-loop postural control mecha-
nisms was higher in the head-injured patients. In addi-
tion, we discovered that the patients utilize the open-
loop postural control schemes for longer periods of
time and over larger arecas of the base of support
during periods of undisturbed stance. This work
clearly demonstrates that head injuries result in
changes in the functional behavior of the open-loop
and closed-loop postural control mechanisms and that
these changes can be characterized quantitatively dur-
ing periods of undisturbed stance.
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[44] EFFECTS OF SPACEFLIGHT ON OPEN-LOOP AND CLOSED-LOOP POSTURAL

CONTROL MECHANISMS

James J. Collins, PhD; Carlo J. DeLuca, PhD; Ann E. Pavlik, BS; Serge H. Roy, ScD; Mark S. Emley, MS
NeuroMuscular Research Center, Boston University, Boston, MA 02215

Sponsor: NASA through the MIT Man-Velicle Laboratory; Liberty Mutual Insurance Company

PURPOSE—Astronauts returning from spaceflight
typically exhibit postural difficulties. Few static
posturographic investigations, however, have demon-
strated pre-flight/post-flight differences in the postural
sway of astronauts tested under eyes-open conditions.
The objective of this study was to examine how the
sensorimotor systems underlying quasi-static balance
control adapt to prolonged periods in microgravity.

METHODOLOGY—Four crew members and two al-
ternates from the 14-day Spacelab Life Sciences 2
Mission were included in the study. An in-
strumented force platform was used to measure the
time-varying displacements of the center of pressure
(COP) under each subject’s feet during quiet stand-
ing. Each subject was tested under eyes-open condi-
tions on multiple pre-flight and post-flight days.
The COP trajectories were parameterized according
to stabilogram-diffusion analysis.

RESULTS—We found that the stochastic activity of
the open-loop postural control mechanisms in three of
the four crew members was increased following
spaceflight. We interpreted this result as an indication
that there may be in-flight adaptations to higher level
descending postural control pathways. We also found
that the crew members, as a group, did not exhibit any
consistent pre-flight/post-flight differences in the
steady-state behavior of their closed-loop postural
feedback mechanisms. Likewise, we found that the
crew members, as a group, did not exhibit any consis-
tent pre-flight/post-flight differences in the spatial or
temporal interaction of their open-loop and closed-
loop postural control mechanisms. We interpreted
these results as indications that although there may be
in-flight adaptations to the vestibular system and/or
proprioceptive system, input from the visual system
can compensate for such changes during undisturbed
stance.

[(45] DEVELOPMENT OF A DIRECT ULTRASOUND RANGING SYSTEM FOR THE

QUANTIFICATION OF AMBULATION

Dudley S. Childress, PhD; Joseph N. Licameli

Northwestern University, Rehabilitation Engineering Program, Chicago, 1L 60611

Sponsor: National Institute on Disability and Rehabilitation Research

PURPOSE—Most gait analysis devices are not suit-
able for use in a clinical setting because of their com-
plexity and high cost. We are attempting to develop a
direct ultrasound ranging system (DURS) for the
quantitative evaluation of ambulation in a simple and
economical manner. The DURS operates by emitting
an ultrasound and infrared pulse simultaneously from
a transmitting unit at a sampling frequency of 22 Hz.
The receiver unit then measures the time difference
between the arrivals of the light and sound pulses. By
calibrating for the speed of sound, this time difference
is then converted into a measurement of the distance

between the transmitting and receiving units. These
distance samples are then stored in a computer and
processed through a differentiation algorithm to obtain
an estimate of the velocity profile of the body trunk.
From this velocity profile, additional gait parameters
such as gait speed, cadence, stride length, and step
time can be calculated. This device is similar to one
developed at the University of Ljubljana in Slovenia.

PROGRESS—We have completed prototype devel-
opment of the first DURS. This prototype interfaces
with a personal computer through the parallel port,
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and the calibration for the speed of sound is accom-
plished manually through the hardware. In addition,
the software has been written to implement a three
point differentiator followed by a two point time
averager to convert the distance samples obtained
from the device into velocity samples. The time avcra-
ger was implemented to smooth the velocity data as
the process of differentiation tends to enhance dis-
continuities and sharp edges.

With this first prototype, velocity measurements
were taken on the ambulation of subjects with normal
gait. These velocity profiles were thcn compared with
velocity profiles obtained from the CODA 3 system in
our Human Mechanics Measurement Laboratory to
test the accuracy of the DURS.

RESULTS—The velocity profile obtained from the
DURS and the CODA 3 system are very similar. Both
dcvices accurately measure the periodic fluctuation in
the forward velocity of thc body trunk that results
from the rising and falling of the center of mass dur-
ing normal gait. The gait spced determined from the
DURS was consistently within 3 percent of the gait
spced determined from the CODA 3 systcm. Simi-
larly, the averagce cadence mecasured with the DURS
was consistently within 3 percent of the CODA-3
measured valucs. Average step time and average step

[46] CONTROLLING NEURONAL NOISE USING CHAOS CONTROL

D.J. Christini; James J. Collins, PhD

Biomechanics

length measurements were also compared between the
two devices and thc measurcd values from the DURS
were respectively within 3 and 6 pcrcent of the
CODA-3 measured values. These preliminary results
suggest that the DURS can be utilized to accurately
quantify ccrtain paramcters of ambulation.

FUTURE PLANS—In the next stage of the DURS
development, we will modify the first prototype to
improve its operation. The first modification will be to
improve the transmission and reception of the infrared
light, since this is the limiting signal in the rcceptive
field of the device.

A second modification which will be attempted is
to have the computer measure thc time difference be-
twecn the arrivals of the infrared and ultrasound sig-
nals at thc receiver unit. Therefore, the conversion of
the time measurement into a distance measurement
and the calibration for the speed of sound will be done
in software instcad of hardware. This will greatly re-
duce the circuitry required in the receiver unit.

Finally, the software will bc improved to make
the device easier to operate and to facilitate the calcu-
lations of the desired gait parameters. The system will
then be modificd to run on a lap-top computer to
increase its portability.

NeuroMuscudar Research Center, Boston University, Boston, MA 02215

Sponsor: National Science Foundation

PURPOSE—In a recent study, chaos control tech-
niques were utilized to control spontaneously bursting
neuronal networks. It was assumed that these net-
works were chaotic in nature. However, the identifica-
tion of chaos in experimental systems, particularly
physiological systems, is a difficult and often mislead-
ing task. The objective of this study was to detcrmine
whether or not chaos control techniques could be used
to control a noise-driven, nonchaotic neuronal model
with a level of success similar to that reportcd for the
aforementioned neuronal networks.

METHODOLOGY—We implemented the FitzHugh-
Nagumo ncuronal model. In this case, the model neu-
ron was driven by both tonic and noisy inputs. The
system parameters were chosen such that the additive
noise did not induce chaos. We applied chaos control
tcchniques to the model in an attempt to control its
firing rate.

RESULTS—We found that the chaos criteria used in
the aforementioned study could falsely classify our
noisc-driven, nonchaotic neuronal model as being cha-
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otic. Moreover, when we applied chaos control tech-
niques to the model, we obtained results which were
similar to those reported for the aforementioned neu-
ronal networks. These novel findings challenge the

[47] USING CHAOS CONTROL TO CONTROL NONCHAOTIC SYSTEMS

D.J. Christini; James J. Collins, PhD

claim that the aforementioned neuronal networks were
chaotic and suggest that chaos control techniques may
be applicable to a wider range of experimental sys-
tems than previously thought.

NeuroMuscular Research Center, Boston University, Boston, MA 02215

Sponsor: National Science Foundation

PURPOSE—Chaos control techniques constrain the
output of a chaotic system by exploiting the system’s
extreme sensitivity to small perturbations. These tech-
niques have been used to control a number of different
chaotic systems. However, to our knowledge, these
methods have never been used to control a nonchaotic
system. The objective of this study was to explore the
possibility of using chaos control techniques to con-
trol nonchaotic systems. Work of this sort could open
up a number of new, real-world applications for chaos
control.

METHODOLOGY—In this study, we examined the
stablc, periodic orbits of the Hénon map in its non-
chaotic regime. We used additive white noise to locate
the underlying lower-order, unstable periodic orbits of
the system. These orbits were required for the applica-
tion of chaos control. We then used chaos control
techniques to compute and apply adaptive parameter
perturbations to thc system. These perturbations were

[48] THE INITIATION OF HUMAN WALKING

determined and applied so as to constrain the system
within a selected unstable periodic orbit.

RESULTS—We discovered that chaos control tech-
niques could be used to control the output of the
noisy, nonchaotic Hénon map. We also found that
chaos control techniques could be used to shift the
output of the noise-free Hénon map from a stable
high-period orbit to lower-order unstable periodic or-
bits. In this case, control could be achieved using only
small parameter perturbations. This work challenges
the generally accepted notion that large parameter
changes are needed to alter the qualitative dynamics
of nonchaotic systems. From a practical standpoint,
these novel developments suggest that chaos control
may offer an efficient means for removing higher-
order periodicities from the output of a nonchaotic,
experimental system. From a physiological standpoint,
this could be important given that a number of patho-
logical conditions are associated with the appearance
of unwanted higher-order oscillations.

A F. Polcyn; James J. Collins, PhD; Carlo J. DeLuca, PhD; Casey Kerrigan, MD; Lewis A. Lipsitz, MD
NeuroMuscular Research Center, Boston University, Boston, MA 02215; Spaulding Rehabilitation Hospital, Boston, MA 02114;

Harvard Medical School, Boston, MA 02114

Sponsor: National Science Foundation

PURPOSE—It has been hypothesized that gait initia-
tion, the transition from quiet stance to steady-state
walking, is governed by a motor program. Moreover,
it has been proposed that this motor program controls
several sub-tasks during gait initiation, including the
generation of forward momentum. The objective of
this project was to test this hypothesis. The informa-
tion derived from this study could eventually be uti-

lized in the development of a clinical technique for
evaluating and characterizing posture and movement
disorders.

METHODOLOGY—We examined 10 nondisabled
young subjects (aged 20 to 30 years). Subjects initi-
ated walking under three different speed conditions
(slow, normal, fast) from a force platform, which
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measured the ground reaction forces and displace-
ments of the center of pressure under the subject’s
feet. Simultaneously, a motion analysis system mea-
sured the movements of the subject’s body segments,
and electromyographic (EMG) signals were recorded
from eight lower limb muscles.

RESULTS—Our preliminary results indicated that
gait initiation in several individuals may be governed
by a motor program, as previously suggested. More-

[49] STEPPING OVER AN OBSTACLE: EFFECT OF REDUCED VISUAL FIELD
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over, our analyses indicated that the initial muscle
activity governed by this program is used to gcnerate
forward momentum, and that the amount of momen-
tum generated is based on the target speed. It is im-
portant to note, however, that a number of subjects did
not exhibit EMG patterns which were indicative of a
motor program. This issue requires further study. We
plan to extcnd this work by testing additional non-
disabled young subjects, as well as nondisabled el-
derly subjects.

Patricia G. Anderson, MA; Bart Nienhuis, Biomed.Eng; Theo Mulder, PhD
Department of Research and Development, St. Maartenskliniek, 6500 GM Nijmegen, The Netherlands

Sponsor: St. Maartenskliniek

PURPOSE—Walking in a normal environment re-
quires that an individual modulate his (her) locomo-
tion in order to avoid various obstacles. This study
investigates the use of visual information in such a
locomotor task. To this end, subjects were required to
step over an obstacle with 0 cm height while the lower
portion of the visual field was blocked.

METHODOLOGY—Two approach steps and the
step over the obstacle were studied. In the reduced
visual field condition, the subjects wore a pair of
safety goggles (that could fit over corrective glasses)
in which the lower rim and the sides were covered.
This manipulation ensured that when thc subject fix-
ated straight ahead (s)he could not see the obstacle in
the last approach step and as (s)he stepped over it.
Subjects were tested with and without the goggles for
two levels of task difficulty. In the first level, the
subjects could look where they wished; in the second
level, they were required to fixate on a sticker posi-
tioned at eye height 5 m beyond the obstacle.

Two video cameras of the 3-D motion analysis
system PRIMAS registered passive markers on a head
frame enabling the angle of the head in relation to the
floor to be calculated; further passive markers were
attached to the neck and the back of the shoes. Sub-
jects stepped over a flat piece of cardboard located on
a 10 m walkway in a well-lit laboratory. The width of
this obstacle was adjusted to be half of the subject’s
normal step length. From this data, step length and

velocity could be calculated as well as the distance
from the approach foot to the obstacle (DTO) and the
distance from the obstacle to the heel of the foot
which steps over the obstacle (DHO).

Three groups of healthy adults with mean ages of
26.0 (n=10), 65.6 (n=11), and 75.9 (n=9) years were
tested.

RESULTS—Preliminary analysis of the data indi-
cates that the oldest group is most affected by the
reduced visual information. In this group, DTO in-
creases significantly when only peripheral visual in-
formation is available (task X age interaction is signif-
icant (p<0.000). This group seems to show a change in
strategy. With full visual information, adjustments in
the two approach steps are made so that the approach-
ing foot lands close to the obstacle; the heel of the
foot stepping over the obstacle is placed relatively
close to the obstacle. With reduced visual information,
there is minimal adjustment in the two preceding
steps. The step over the obstacle is lengthened. The
‘safety margin’ (DTO plus DHO) increases by at least
35 percent. When the subjects are restricted to periph-
eral vision by fixating on the sticker without the gog-
gles, the increase is more than 40 percent; when fixat-
ing on the sticker with the goggles, it is 64 percent.
For the youngest group these values are 12, 16, and 37
percent, respectively; for the group with mean age of
65.5, these values are 7, 30, and 29 percent, respec-
tively.
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IMPLICATIONS—The above results call into ques-
tion the advisability for the elderly of walking in unfa-
miliar or uneven environment with bifocal or trifocal
corrective glasses.

[50] EFFECT OF REDUCED OPTIC FLOW ON GAIT

FUTURE PLANS-—Other kinematic variables are
now being analyzed, and the data is now being ana-
lyzed to determine the amount of visual information
used per step.

Patricia G. Anderson, MA; Bart Nienhuis, Biomed Eng; Theo Mulder, PhD
Department of Research and Development, St. Maartenskliniek, 6500 GM Nijmegen, The Netherlands

Sponsor: St. Maartenskliniek

PURPOSE—This study investigates the effect of
optic flow on the regulation of locomotion. Numerous
studies have shown that a moving visual field can
induce the feeling of motion in a stationary subject.
Until now, the modulation in locomotion produced by
the visual field moving at an apparent velocity that
differs from the actual movement velocity of the sub-
ject has only been studied in artificial environments
for extreme differences (50 percent) between the two
velocities. In this study a manipulation was used to
create an apparent visual velocity which was slightly
different than the subject’s actual velocity.

METHODOLOGY—The subjects wore safety gog-
gles (that could fit over corrective glasses) in which
the lower rim and the sides were covered with black
felt. This blocked at least the first 0.75 m (1.0 m
average, range 0.75 to 2.0 m) of the floor when the
subject focused straight ahead, thus eliminating the
lower part of the optic flow. Since the flow is radial,
the amount of change is greatest at the periphery. The
subject had no chance to discover how much of the
flow is missing and, therefore, would not have been
able to correctly interpret how to scale the change that
occurs in the visible optic flow.

Two video cameras of the 3-D motion analysis
system PRIMAS registered passive markers attached

to the neck and the back of the shoes as the subjects
walked over a 10 m walkway in a well-lit laboratory.
From this data, step length, velocity, and step fre-
quency could be calculated.

Three groups of healthy adults with mean ages of
26.0 (n=10), 65.6 (n=11), and 75.9 (n=9) years were
tested.

RESULTS-—Preliminary analysis of the data indi-
cates that the decorrelated optic flow created by elim-
inating the lower portion of optic flow appears to
create an apparent visual velocity that is slower than
the subject’s actual velocity. This resulted in an in-
creased step length. A two-way repeated measures
analysis showed that all subjects increased step length
in the decorrelated optic flow condition (p<0.028). A
paired t-test for increase in step length for the oldest
group is significant (p<0.011). For the oldest group,
the increase in velocity in the decorrelated optic flow
condition is also significant (p<0.011). Other kine-
matic variables are now being analyzed.

IMPLICATIONS—The effect of optic flow on the
modulation of locomotion seems to increase with in-
creasing age.
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[51] EFFECTS OF ROBOTIC-ASSISTED WEIGHT SUPPORT ON GAIT AND ENERGY

EXPENDITURE

Edmund Y.S. Chao, PhD

Johns Hopkins University School of Medicine Orthopaedic Biomechanics Laboratory, Baltimore, MD 21205

Sponsor: None listed

PURPOSE—Bed rest associated with disease, sur-
gery, or medical treatment results in significant decre-
ments in physiological functions. To facilitate early
ambulation by allowing secure posture support and
prescribed weight-bearing, a rehabilitation robot,
REHABOT®, was developed. The purpose of this
study was to validate the functional performance of
this device and the physiological responses of the sub-
ject by measuring knee joint range of motion, ground
reaction forces, gait temporal parameters, and oxygen
consumption while walking under prescribed weight
bearings. In the first phase of the study, 14 healthy
normal subjects ambulated in a circular path around
the REHABOT at O percent body weight support
(BWS), then at 20, 40, and 60 percent. In the second
phase of the study, a treadmill was added to the
REHABOT to eliminate the circular path, and all the
above mentioned parameters were studied and com-
pared with the previous results.

METHODOLOGY—A weight-relieving device
(REHABOT) manufactured by the Japan E.M. Co.
was used in this study. This device supports the
patient’s body in an upright position, and reduces
body weight by applying a prescribed lifting force
through a harness attached to a robotic arm, while
allowing the patient to walk in a circular path. Four-
teen healthy normal subjects (20-40 years of age)
were studied and data was collected at 0 percent, 20,
40, and 60 percent BWS. After placing foot switches
under the shoes and mounting triaxial elec-
trogoniometers on knee joints, the subjects were sup-
ported by the harness. The subjects were asked to
walk eight trials, stepping successfully on the force
plates at the four different BWS. Twenty-six channels
of analog data were digitized through an A/D con-
verter. Expired gas samples were also collected and
VO, was analyzed. The same experiment was repeated

after adding a treadmill and the same subjects were
used. The average speed was the same for both the
treadmill and the circular path.

PROGRESS—The first phase of this study has been
completed, and data for the second phase has been

collected concerning the combination of a treadmill
with the REHABOT.

RESULTS—Stance phase duration was longer at 0
percent BWS and decreased with the increase in
BWS. At 60 percent BWS the decrease was manxi-
mum. Significant difference between the inner and
outer stance phase occurred with all increased BWS.
Swing and double stance phases followed the reverse
pattern. Knee kinematics showed no statistically sig-
nificant difference between 0 percent to 40 percent
BWS, however, at 60 percent BWS, significant
changes occurred in mid-stance flexion and total sa-
gittal motion . As for ground reaction analysis, the
relevant patterns were similar to normal walking at all
the different weight supports. However, the circular
pathway produced remarkable changes in the anterior-
posterior shear forces, which were lower in the inner
leg. The medio-lateral shear force showed a modified
pattern due to the circular pathway (e.g., higher mean
shear force on the outer leg).

Oxygen consumption showed a gradual decrease
from 0 percent to 40 percent BWS (p<0.05); however,
at 40 percent BWS there was a rise. Comparison be-
tween treadmill and circular walking for cadence,
stance, swing, and double support duration at the
above-mentioned four different weight bearings for
right and left legs did not show much difference. As
for knee kinematics, both midstance and total flexion
slightly increased. Oxygen consumption showed a
gradual decrease with increased weight support after
using the treadmill with the REHABOT.



48

Rehabilitation R & D Progress Reports 1994

[52] SURFACE EMG SIGNAL ANALYSIS IN NORMAL AND PATHOLOGICAL
SUBJECTS DURING GAIT BY MEANS OF A NOVEL ALGORITHM FOR ON-OFF

TIMING DETECTION

M.G. Benedetti; F. Catani; P. Bonato; T. D’Alessio; L.Simoncini; M. Knaflitz
Biomechanics Laboratory, Istituti Ortopedici Rizzoli; Dipartimento di Elettronica, Politecnico di Torino; Dipartimento Meccanica e

Automatica, 11l Universita’ di Roma

Sponsor: None listed

PURPOSE—In motion studies, the surface myoelec-
tric signal analysis is commonly used to estimate mus-
cle on-off timing in order to correlate muscle activity
with the joint kinematics and kinetics. Surface elec-
trodes are comfortable, even during dynamic contrac-
tion, and are easy to use and safe. Unfortunately, this
technique often leads to poor signal-to-noise ratio and
is exposed to crosstalk. Relative movements among
active fibers and detection surfaces can also cause
large variations in signal amplitude. Typically, on-off
timing is obtained by first extracting the signal enve-
lope and then observing time intervals during which
the envelope crosses an arbitrarily chosen threshold
that discriminates background noise from the signal.
This procedure does not allow the user to choose the
sensitivity and the specificity of the detection, and this
results in unpredictable shapes of the estimated activa-
tion pattern.

Our goal is to apply a novel algorithm to obtain
on-off timing, based on the statistical properties of the
surface EMG signal during gait in normal and patho-
logical conditions. This approach is appealing, be-
cause it allows the user to set the specificity and sen-
sitivity of the detector.

METHODOLOGY—Five nondisabled subjects
(mean age 32) and 10 total knee replacement (TKR)
patients (mean age 64.8) were assessed at 3 and 6
months, 1 and 2 years post-op. Raw surface EMG
signals (homolateral and contralateral longissimus
dorsii, gluteus medius, rectus femoris, hamstrings,
tibialis anterior and gastrocnemius) were acquired by
means of an eight-channel system and processed by
means of the statistical detection algorithm mentioned
above for on-off time detection. The processing chain
consists of a whitening filter that relies on the Burg
algorithm and a statistical detector based on a double
threshold technique.

RESULTS—The surface detected myoelectric on-off
pattern on the nondisabled population for the explored
muscles agreed with data previously reported in the
literature, which had been obtained by means of in-
dwelling electrodes. A high intra-subject repeatability
of activation intervals was found. With respect to the
linear envelope obtained from the same signals, in
which we found a high variability of the profiles, the
timing component detection of the muscular activity is
very reliable and repeatable. In the patients who had
TKR, the first post-op muscle activation pattern is
remarkably different from the nondisabled one.

The patients displayed in the early follow-up pro-
longed activity of most muscles, and particularly of
the homolateral and contralateral longissimus dorsii,
rectus femoris and hamstrings during stance phase,
tibialis anterior until late stance phase, and a prema-
ture activation of gastrocnemius. This pattern tends to
normalize at 1 and 2 years post-op mainly with re-
spect to the lumbar and the shank muscles activity, but
a prolonged activity of rectus femoris and hamstrings
seems to persist for a long time.

RECENT PUBLICATIONS FROM THIS RESEARCH
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PURPOSE—Obtaining reliable estimates of the de-
grees of freedom (DOF) of human body segments
represents a critical feature that normally concerns
every laboratory of movement analysis. This study
deals with accurate estimation of the 6 DOF of a
human body segment, starting from landmark trajecto-
ries acquired with a suitable measurement system,
using smoothing algorithms and optimization tech-
niques. Its aim is to suggest methods to reduce the
effects of the instrumental inaccuracies concerning
human movement analysis.

METHODOLOGY—The study began with the im-
plementation of a smoothing algorithm derived from a
widely known digital filter obtained by using a second-
order Butterworth filter bidirectionally. The innovative
feature was the algorithm’s capability to self-determine
the optimal cut-off frequency by maximizing a
residual’s whiteness measure. Filter algorithm perfor-
mances have been compared with those of a heptic
spline function smoothing scheme, based on the general-
ized cross-validation criterion (GCVC). After that, an
iterative algorithm which estimates the translation and
orientation vectors of a moving rigid body from noisy
marker measurements through a weighted least-squares
(WLS) procedure was introduced.

If markers are mounted on a rigid framework and
the local model of the array is known, it can be used
to assess the body segment DOF in each sampled
instant of time. That can be done by calculating the
translation and rotation which, frame by frame, match,
in the best possible way, the array model to the actual
array as it has been observed by the measurement
system. Both rigidity constraints and anisotropic prop-
erties of measurement noise were taken into account
in order to improve estimation quality.

A method for estimating the unknown array rigid
model starting from the markers trajectories was also
introduced. It is essential, especially when the array
is not rigid as in the case of skin placed markers.
Both the optimization and the filtering routines have

been singularly testcd and validated on simulatcd and
collected data.

Finally, the performances of four differcnt strate-
gies, combining smoothing and optimization tech-
niques in different ways, were evaluated. The recon-
struction and smoothing schemes were analyzed and
tested and their performances were comparcd with
each other and with those of a more traditional tech-
nique that does not incorporate any optimization cri-
teria. Testing has been carried out on synthetic sc-
quences, which simulate the trajectories of four
plate-mounted markers fixed on a thigh and vidco-
recorded during the execution of physical cxercises.
The test signals have been then corrupted by adding
normally distributed random sequences, simulating
additive measurement noise.

RESULTS—The filter performances have been supe-
rior to GCVC, especially when considering signal deriv-
atives and time requirements. The use of WLS method
has shown good results when implemented in situations
where the array model is casily settled. The rcsults of
combining schemes have shown that filtering the seg-
ment DOF previously rcconstructed from rough coordi-
nates can be as effective as reconstructing the DOF after
filtering the marker coordinates. Moreover, they suggest
that the use of an optimization routine provides a visible
improvement in DOF reconstruction.

RECENT PUBLICATION FROM THIS RESEARCH

New weighted least squares and smoothing scheme for kincmatic
analysis: application to instanteneous hclical axis determination.
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Movement; Poiters, 1993.

Optimal estimation of rigid body position and allitude from noisy
marker coordinates. Magnani G, Angcloni C, Lcardini A,
Cappello A. In: Abstracts of XIV Congress of ISB: Paris. 1993.

Selection and validation of skin array technical references based on
optimal rigod model estimation. Cappello A, Leardini A, Catani F,
LaPalombara F. In: Proceedings of 111 International Symposium on
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PURPOSE—Gait performance after total knee re-
placement (TKR) has been evaluated by many differ-
ent authors, who point out some residual postoperative
gait disfunctions. The problems they examined in-
cluded implant geometry, ligament sparing, patellar
resurfacing, proprioception alterations, muscular
weakness, preoperative gait pattern, and other joints
arthritic involvement. The aim of this work is to as-
sess gait in patients who underwent TKR and were
followed post-operatively; to verify that the amount of
time needed for normalization of the kinematics, the
dynamics, and the myoelectric activity of the agonist
and antagonist muscles of the operated knee; and to
verify that neither the knee joint nor the adjacent
joints were subjected to overloading.

METHODOLOGY—Twelve TKR patients (mean
age 64.8) operated for primary osteoarthritis have
been assessed. The TKR patients were assessed at 3
and 6 months, 1 and 2 years post-op. The type of
prosthesis used is not cemented, is posterior cruciate
ligament sparing, and enables early weight-bearing.
No patellar replacement was performed. Patients un-
derwent, in different follow-ups, a functional rehabili-
tation program aimed at restoring a sufficient range of
motion, strenghtening quadriceps, and improving pro-
prioceptive control. Gait analysis was performed
through an ELITE System (BTS) for kinematics, a
KISTLER Platform for GRF and a TELEMG (BTS)
for surface EMG. Both the calculation of the position
of anatomical landmarks during movement with the
experimental procedure ‘‘Calibrated Anatomical Sys-
tem Technique’’ (CAST), and the design of relative
anatomical reference systems were obtained according
to the systems decribed by Cappozzo.

PROGRESS—Thorough review of relevant literature
has been accomplished. Gathering of walking data
from the patients is in progress for the latest follow-up
at 2 years.

RESULTS—To date results obtained demonstrate
that: 1) 1 year after surgery, the operated knee pre-
sents almost normal joint kinematics in conjunction
with reduced velocity; 2) a reduction in knee flexion
during midstance and a reduction in the flexion joint
moment is present, a pattern which seems to be due
both to a deficiency of the extensory apparatus and to
an attempt to stabilize knee joint in order to reduce
contact and shear forces; 3) the kinematics in the hor-
izontal and frontal planes are almost physiological,
indicative of a good prosthetic design; 4) the adduc-
tion moment is normal or reduced after 1 year, demon-
strating a physiological load in the medial compart-
ment; 5) the extensory knee pattern during the loading
response phase and the midstance phase is associated
with prolonged activity of quadriceps and hamstrings
in co-contraction, which is probably due to different
causes including a reduction in the strength of quadri-
ceps, a pattern of walking learned before the opera-
tion, an attempt to reduce the joint compressive and
shear forces, the presence of pain, and an alteration in
proprioception; and 6) there is not any overloading of
the adjacent joints.

RECENT PUBLICATIONS FROM THIS RESEARCH
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PURPOSE—Results from a pilot study of wheelchair
propulsion suggested some age-related trends in
wheelchair propulsion and that certain interventions
(i.e., therapeutic exercises that stretch or strengthen
certain muscle groups) might prevent specific types of
overuse injuries. The purpose of this 3-year continua-
tion research program is twofold: to investigate how
wheelchair performance compares among three differ-
ent age groups of disabled (lower-limb impaired)
wheelchair users; and to test a specific exercise inter-
vention for its effectiveness in reducing potential in-
jury-producing biomechanical characteristics and ex-
cessive physiologic stresses.

METHODOLOGY—A total of 60 wheelchair users
in three age groups of n=20 (20-39, 40-59, and 60-79
years) will participate in this study. Body measure-
ments, muscle strength, neuromuscular asscssments,
and wheelchair propulsion testing are performed be-
fore and following exercise training. Thc first wheel-
chair graded exercise test includes incremcntal in-
creases in wheelchair handrim resistance to determine
peak physiologic responses. The second test is a pro-
longed fatigue test consisting of wheelchair propul-
sion exercise at 75 percent peak oxygen consumption
(VO.) until volitional fatigue is achieved. Handrim
force, whcel vclocity, heart rate, and VO, are moni-
tored during each data collection session.
Uppcr-cxtremity and trunk movement are video-
taped using a threc-dimensional motion analysis sys-
tem to obtain kinematic data. Surface electromyogra-
phy is used to document upper-extremity muscle
activity patterns during testing. Shoulder, elbow, and
wrist joint kinetics (joint moments and joint rcaction
forces) are calculated from the motion and handrim
forcc data. After initial testing, each subject partici-

pates in a specific intervention program of therapeutic
exercise (stretching/strengthening and aerobic train-
ing) 3 times weekly for 6 weeks. Wheelchair tests are
repeated at the end of the training program to deter-
mine changes in stresses.

PROGRESS—A total of eight subjects havc com-
pleted the pretesting (using the specially designed
wheelchair ergometer), 6-week training period, and
post-testing. The program has now been transfcrred to
Baltimore VAMC. All testing and training equipment
1s being rcassembled and calibrated. Institutional re-
view board approval has been obtained and subject
recruitment has been initiated.

PRELIMINARY RESULTS— The first cight sub-
jects were paraplegic individuals (age 47+14 yrs;
weight 78124 kg; lesion level T3-L5; six male, two
female), nonathletes, and had been whcclchair users
for 3 to 38 yrs (19212 yrs). Results for thcse subjects
showed a significant increase in weights for all frec
weight exercises (mean increase of 97 percent) during
thc 6-wcck training pcriod. VO, significantly in-
creased following training from 1.010.3 to 1.410.1
mL/m. Increases in time to fatigue and power output
were not significant for this small sample. Analysis of
kinematic and Kkinctic data is in process. These prelim-
inary data support the efficacy of this exercise inter-
vention program for reducing strcsses in everyday
wheelchair users.

FUTURE PLANS—Testing and exercise training
will continue until the desired sample size is reached
(n=60). Determination of age-rclated characteristics,
which are related to high joint stresses, and cvaluation
of potential injury-reducing intcrventions arc expected
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to provide the necessary foundation for improving
wheelchair function.

RECENT PUBLICATIONS FROM THIS RESEARCH
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[56] CHARACTERIZATION OF NORMAL AND PATHOLOGICAL SWAY DYNAMICS
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PURPOSE—This is a continuation of a previous
study in which the dynamic patterns of postural sway
were characterized for normal and pathological popu-
lations, using the bilateral foot-ground reactions
forces. A biomechanical model, based on closed-loop
dynamics is being developed. The purpose of this
model is to enable us to predict the dynamics of pos-
tural sway from the previously defined and developed
parameters. Additionally, the muscle forces responsi-
ble for producing these dynamics are being evaluated.
Model criteria for the characterization of pathological
postural sway dynamics are being developed.

METHODOLOGY—Postural sway is measured by
two force platforms collaterally installed for adjacent
positioning of the feet during standing. The parame-
ters monitored include: all components of the foot-
ground reaction forces, the center of pressure of the
vertical forces, and EMG of the muscles of the lower
legs. Defined parameters including sway activity,
asymmetry, weight-bearing imbalance, and relative
sequence of the forces are being correlated with the
variations in center of pressure and with the EMG and
incorporated into a closed loop dynamics model in-
cluding five body segments.

RESULTS—The results obtained so far are from 32
nondisabled subjects, 14 persons with below-knee am-
putations (BKA), 16 post-stroke patients, and 10 pa-

tients after cranio-cerebral injuries (CCI). It is shown
that there exists a typical swaying pattern for each of
the groups studied. Furthermore, it is concluded that
the swaying parameters can be used as indicators for
monitoring and for prognosis of the locomotor func-
tional outcome of post-stroke and CCI patients. The
postural stability of BKA’s is shown to be initially
affected due to a proprioceptive deficit as a result of
partial limb loss. However, this effect tends to grad-
ually decrease with time due to the development of
compensation processes. The preliminary model re-
sults enable us to predict the swaying frequency and
amplitude for given conditions of asymmetry and
weight-bearing imbalance.

FUTURE PLANS—It is planned to complete the de-
veloped model. Data on the reactive forces will be
used to input the boundary joint torques. Solution of
the model will provide the resulting body sway for the
patterns identified. When combined with the EMG
measured data, it will be possible to study the role of
the leg muscles in controlling body sway.

RECENT PUBLICATIONS FROM THIS RESEARCH

Influence of prosthesis alignment on the standing balance of
below-knee amputecs. Isakov EK, Mizrahi J, Susak Z, Onna I,
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PURPOSE—Our goal is to collect the musculoskele-
tal parameters for the shoulder and arm for
biomechanical modelling of the upper extremity.
Much of the clinical and ergonomical problems in the
shoulder are the result of the complex coordination of
the muscles involved in the control of shoulder move-
ments and joint stabilization. This complexity of the
human shoulder and arm can not directly be studied,
but needs the application of a biomechanical model. In
addition, the three-dimensional nature of upper ex-
tremity motion and the covert motions of the scapula,
require a highly sophisticated three-dimensional
movement analysis.

Quantitative data on the morphology of shoulder
and arm are needed as a basis for:

1. analysis of the load on the shoulder and arm, based
on arm movement registration in wheelchair pro-
pulsion, activities of daily living (ADL) and voca-
tional activities;

2. analysis of the outcome of shoulder arthrodeses;

3. interpretation of in-vivo human palpation data.

PROGRESS—To date, morphological parameters
have been collected on the shoulder mechanism.
These data form the basis for a three-dimensional
biomechanical model of the shoulder. With the use of
the model, it is now possible to calculate muscle
forces, tensions in ligaments, and reaction forces in

{58] COORDINATION OF MUSCLES IN GAIT

joints of the shoulder. In addition, data on the mor-
phology of the elbow and forearm, as well as accurate
joint descriptions, have been collected; these are pres-
ently being included in the model. Parallel to the
model development, 3-D measuring techniques have
been developed.

RESULTS—The program has been proven to be use-
ful in the development of a sophisticated 3-D model of
the shoulder mechanism that has been applied in the
prediction of optimal fusion angles of shoulder ar-
throdeses after injury of the brachial plexus, in the
analysis of the positioning of endoprostheses and op-
eration techniques used, and in the quantification of
mechanical load on the shoulder joint in manual
wheelchair propulsion.

RECENT PUBLICATIONS FROM THIS RESEARCH

Finitc elcment musculoskeletal model of the shoulder mechanism:
Van der Helm FCT. J Biomech 1994:27(5):503-27.
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Scheijndel PAM van, Baan Hofman M, Vecger HEJ, van decr
Helm FCT. Abstract: 2nd World Congress on Biomcchanics,
Amsterdam, 1994:11-307b.

Quasi-static analysis of muscle forces in the shoulder mechanism
during wheelchair propulsion. van der Helm FCT, Veeger HEJ.
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PURPOSE—The coordination of lower limb muscles
has been studied in explosive movements of the lower

limb. Rules for coordination of biarticular leg muscles
were formulated and tested in movements and in sim-
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ulation studies. Recently the work has been extended
to arm functioning. Neuronal network modelling is
used for studying the learning aspects of coordination.

METHODOLOGY—Inverse dynamic modeling of
running and walking in combination with simulation
of various forms of jumping are used. For modeling,
data are acquired with high speed film and (from 1991
onward) by using VICON system, force platform and
EMG. For simulation, a SPACAR package is used.

PROGRESS—Biarticular muscles play a unique role
in transporting rotational energy from proximal to dis-
tal segments when a person jumps up. The muscles
contribute to the mechanical goal of the movement:
maximizing effective power at take off. They com-
pensate for the diminishing contribution to translation
of the body’s center of gravity by extension (rotation)
of lower limb segments.

Timing of the activation of these muscles, as well
as the fact that they co-contract with their antagonists,
is important. In bicycling it appeared essential that
such co-contractions were instrumental in producing
thrust, as well as direction of movement in the extend-
ing limb.

These concepts were validated in human walking
and running by experimenting and modeling. In gait,
biarticular hamstring and rectus femoris muscles are
active in early stance. They co-contract with
monarticular hip and knee extensors, and tune hip and

knee movements while the leg is shortening and
lengthening (knee flexion in early stance), regulating
the level of potential energy.

RESULTS—Simulation proved most of the above
mentioned concepts. A sensitivity analysis, concen-
trating on length of momentarms of biarticular mus-
cles, was conducted. In simulations of jumps, distur-
bances are not corrected by changes in stimulation
patterns but by mechanical properties of muscles. Var-
ious starting positions result with one stimulation pro-
gram in nearly optimal performance. From the study
of running it appeared that biarticular muscles distrib-
ute net moments in ballistic leg extensions. Optimal
coordination is regulated with the aim of efficiency of
expenditure of mechanical energy by monoarticular
and biarticular muscles. Arm movements are studied
in which the directions of force application and move-
ment are not identical.

FUTURE PLANS—Learning of the optimal stimula-
tion pattern will be analyzed by conducting simula-
tions of a mechanical nature and simulations of neural
networks. Wheelchair propulsion will be analyzed.

RECENT PUBLICATIONS FROM THIS RESEARCH

The influence of the biarlicularity of the gasirocnemius muscle on
vertical jumping achievement. Van Soest AJ, Schwab AL,
Bobbert MF, Van Ingen Schenau GJ. J Biomecch 1993:26(1):18.
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PURPOSE—This study was undertaken to investigate
the firing rate behavior of motor units in the whole
force range of the muscle. The relationship, if any,
between the recruitment threshold and firing rate be-
havior is an important issue that has significant bear-
ing on the control of motor units in the generation of
muscle force. A thorough understanding of the mech-
anisms involved in normal force generation will be the
groundwork for developing tools to diagnose and treat
individuals with impaired motor function.

METHODOLOGY—Myoelectric signals were de-
tected from the tibialis anterior muscle of five non-
disabled subjects with a special quadrifilar needle
electrode during voluntary isometric contractions. The
subjects generated isometric forces that linearly in-
creased up to the maximal voluntary level. The firing
behavior of motor units were studied by plotting aver-
age firing rates as a function of the corresponding
force output. The use of specialized data acquisition
and processing techniques enabled the investigation of
a wide range of motor units, in contrast to previous

[60] COMMON DRIVE OF MOTOR UNITS: IN NUMERO EXPERIMENTS

James J. Collins, PhD; Carlo J. Del.uca, PhD

studies which had been limited to only the low-thresh-
old motor units due to technical difficulties.

RESULTS—The analysis of data revealed a highly
rank-dependent ordering of various parameters of a
motor unit, such as the mean firing rate, initial firing
rate, and the response to the requirement to increase
the force output. In other words, the properties of
motor units did not appear to be randomly distributed
but highly rank-ordered as a function of recruitment
threshold. This observation supports the previously
advanced theory of common drive, which states that
motor units of a motoneuron pool are controlled not
by individual control signals but by a common com-
mand signal. The rank-ordered distribution of motor
unit properties would make it possible for motor units
to respond differently even though they receive the
same input.

RECENT PUBLICATIONS FROM THIS RESEARCH

Common drive of motor units in regulation of muscle foree. Erim
Z, DeLuca CJ, Mineo K. Trends Neurosci 1994:17(7):299-305.
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PURPOSE—The concept of common drive is based
on the observation that motor units active in a contrac-
tion modulate their firing rates in a highly interdepen-
dent manner, whereby an increase or decrease in the

55

firing rate of one motor unit is accompanied by sim-
ilar changes in the firing rates of other units. It is
important to understand this behavior of motor units if
we are to understand how muscles generate force. The
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objective of this study was to eonduct a series of
computer experiments to explore the phenomenon of
common drive.

METHODOLOGY—We developed a software pack-
age, called NEUROSIM, which simulates a population
of motoneurons that receive signals from a common
drive and independent sources (i.e., excitatory and in-
hibitory sources). The software package permits the
user to set interactively each parameter affecting the
modeled system. In this study, NEUROSIM was used
to test the following null hypotheses concerning the
possible form of the common drive: 1) it is a (noisy)
tonic activation signal, 2) it is a (noisy) periodic sig-
nal, 3) it is a (noisy) quasi-periodic signal, and 4) it is
a correlated noise signal. These hypotheses were

[61] EFFECTS OF HAND DOMINANCE ON MOTOR UNIT FIRING BEHAVIOR

Alexander Adam, BS; Carlo J. DeLuca, PhD

tested by comparing the output of the computer model
with experimental motor unit firing data.

RESULTS—We found that the first three null
hypotheses could be rejected: the numerical results for
each case were significantly different from the experi-
mental motor unit firing data. However, the forth null
hypothesis could not be rejected: the numerical results
for a common drive made up of correlated noise were
not significantly different from the experimental data.
In order to match the cxperimental results closely, we
found that the correlation time of the common-drive
noise had to extend over several motor unit firings and
each motor unit also had to be influenced by a partic-
ular level of indepcndent noise. These novel findings
provide insight into the possible functional organiza-
tion and regulation of populations of motor units.

NeuroMuscular Research Center, Boston University, Boston, MA 02215
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PURPOSE—Preferential use of a muscle has been
shown to alter its physiological and mechanieal prop-
erties. Our previous studies, as well as the work of
other investigators, suggested a higher fatigue resis-
tance and possibly a higher percentage of slow-twitch
fibers in the dominant hand. The present study is
aimed at revealing any differences in the physiology
and control properties of contralateral muscle pairs in
individuals who show a clear preference for one hand.
The results of this study will enhance our understand-
ing of skilled motor activity and the relationship be-
tween physical exercise and control properties of
motor units.

METHODOLOGY—The first dorsal interosseous
muscle in the dominant and nondominant hand of
three right-handed and four left-handed male subjects
was tested at a force level of 30 percent of the maxi-
mal voluntary contraction.

RESULTS—The firing rates of motor units in the
dominant hand were lower when compared to motor

units of similar recruitment threshold in the non-
dominant hand. The lateral difference in average fir-
ing rates was statistically significant in right-handed
but not in left-handed subjects, possibly due to a cer-
tain level of ambidexterity among the latter. Common
fluctuations of mean firing rates for pairs of motor
units did not differ in phase or amplitude with respect
to handedness, but the force had a greater delay with
respect to motor unit firing rates in the dominant
hand. No difference was seen in maximal voluntary
contraction strength between the dominant and non-
dominant sides. The observations of lower firing
rates and greater firing rate-to-force lead times in the
dominant hand are consistent with the notion of an
increased percentage of slow twitch fibers in the pref-
erentially used muscle. Slow twitch fibers are capable
of twitch fusion at lower contractile rates, allowing
the motor units of the dominant muscle to generate
force at lower firing rates in comparison to the non-
dominant muscle.
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[62] FIRING PATTERNS, FIRING RATE BEHAVIOR, AND FORCE GENERATION OF

MOTOR UNITS

Joseph F. Jabre, MD; David Albert, MS; B. Salzsieder

NeuroMuscular Research Center, Boston University, Boston, MA 02215; Boston VA Medical Center, Boston, MA 02130

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#B749-RA)

PURPOSE—We know that the motor units of healthy
muscles are controlled by a common drive. We wish
to categorize the behavior of the firing rates of motor
units so that ultimately the normal behavior may be
used as a point of reference to distinguish and quan-
tify abnormal behavior in diseased and dysfunctional
muscles.

METHODOLOGY—A series of muscle contractions
collected from the first dorsal interosseous muscle of
normal subjects was collected to obtain information
about the firing times of a group of motor units. Addi-
tionally, we investigated the associated force pro-
duced by their firing and the relationship between
their size (measured by macro electromyography) fir-
ing times and the force (the electromechanical lag).
The raw firing data were converted from asynchro-
nous time series to regular interval firing sequences
through an interpolation algorithm. The resulting se-

quences were analyzed both individually and in com-
parison with the force data.

RESULTS—Analysis of the firing ratc sequences for
a group of motor units revealed that when the average
of instantaneous firing rates of all the active units is
subtracted from their individual firing rates, the resid-
uals fall into a Gaussian distribution around the mean.
Further, the average itself follows a Gaussian distribu-
tion. When this average is plotted, it generates a histo-
gram similar to that of the force plot, albeit with the
force lagging about 100 ms after the firing rates (the
electromechanical lag). Additionally, when peaks of
individual firings of motor units are compared to
peaks in the force, an electromechanical lag emerges
which can be measured for each unit. This varied
between 90 to 120 ms in our subjects. Since the aver-
age of the instantaneous firing rates is common to all
the active units, we surmise that it bears a relationship
to the common drive itself.

[63] A BIOMECHANICAL ANALYSIS OF THE SIT-TO-STAND MOTION: A PILOT

STUDY

Thomas E. Prieto, PhD; Barbara M. Myklebust, PhD; Pamela J. Millingion, MS, PT; Joel B. Myklebust, PhD
Laboratory of Sensory-Motor Performance, Neurology Researcl and the Pliysical Medicine and Rehabilitation Service, Zablocki VA
Medical Center, Milwaukee, WI 53295; Department of Neurology, Medical College of Wisconsin, Milwaukee, WI 53226, Deparmment of

Biomedical Engineering, Marquette University, Milwaukee, WI 53233

Sponsor: Deparnment of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Pilot Project

#A92-487AP)

PURPOSE—The ability to rise from a seated position
15 critically important for maintaining independence.
Elderly people and people with neurologic dysfunc-
tion, such as Parkinson’s disease or stroke, commonly
have difficulty completing the sit-to-stand motion.
The purpose of this pilot project is to develop and
validate a system to characterize the fundamental dif-
ferences between successful and unsuccessful perfor-
mance of the sit-to-stand motion. The system will be

used to identify elements of the sit-to-stand motion
that are essential to successfully rise from a chair.

METHODOLOGY—An adjustable instrumented
chair has been designed and fabricated. After calibra-
tion, the chair will be used to characterize the sit-to-
stand motion in conjunction with existing systems that
measure three-dimensional kinematics and ground re-
action forces. We will collect data during the sit-to-
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stand motion for 10 patients with Parkinson’s disease
and 10 age-matched nondisabled controls.

Objective measures of the sit-to-stand motion
will be developed using the three-dimensional kine-
matics and the reaction forces on the chair seat, arm-
rests, and ground. These measures will be used to
characterize performance differences between the pa-
tients with Parkinson’s disease and the controls, and
between unsuccessful and successful trials of the pa-
tients with Parkinson’s disease.

PROGRESS—We have designed and fabricated an
adjustable instrumented chair as part of a system to
evaluate the sit-to-stand motion as a complete func-
tional task. The chair is instrumented to independently
measure the vertical and horizontal forces on the seat
and each of the armrests. Strain gage-based triaxial
force transducers were designed and fabricated for the
seat of the chair. Signal conditioning circuits have
been designed and fabricated for the force transduc-
ers, and incorporated into the data acquisition system
for the chair. The height of the seat, the height and
spacing of the armrests, and the anterior-posterior po-
sition and height of the back support are indepen-
dently adjustable. All of these adjustments can be
made while a subject is seated in the chair. The seat

and armrest surfaces will accommodate a variety of
padding and grip materials. We are currently calibrat-
ing the force transducers and data acquisition system.
Also, we are working with the Physical Medicine and
Rehabilitation Service to finalizc the subject testing
protocol, and with the Neurology Service to identify
prospective patients with Parkinson’s disease for par-
ticipation in this study.

IMPLICATIONS—This pilot project will serve as
the basis for future research to develop and assess the
effectiveness of rehabilitation programs for patients
whose independence is compromised by their inability
to safely rise from a chair. These treatment/interven-
tion strategies can be integrated into the health care
provided at VA Medical Centers, including Adult Day
Health Care and Nursing Home Care Units. The sys-
tem developed in this pilot project will also be used in
future studies to evaluate modifications in chair de-
sign to facilitate the successful performance of the
sit-to-stand motion. The advances in rehabilitation
treatments, intervention strategies, and chair design
resulting from this research will help to prolong func-
tional independence in veterans with impaired func-
tional abilities.

[64] CORRELATES OF MOTOR UNIT SIZE, RECRUITMENT THRESHOLD AND

H-REFLEX JITTER

Joseph F. Jabre, MD; J. Rainville; B. Salzsieder; J. Smuts; J. Limke
NeuroMuscular Research Center, Boston University, Boston, MA 02215; Boston VA Medical Center, Boston, MA 02130

Sponsor: Boston VA Medical Center

PURPOSE—The H-Reflex jitter is related to various
properties of the anterior horn cell (AHC). It can be a
function of its input resistance, its recruitment thresh-
old, ascending and descending influences on it, and of
the synaptic transmission itself. This study allowed us
to shed some light on the following questions: How
does the H-Reflex jitter relate to all these variables;
and how is it affected by them? Would its study give
us information about the size and recruitment behav-
ior of the AHC? Is there a difference in H-Reflex jitter
between men and women, and does the central syn-
apse age in the same fashion as the peripheral, neuro-
muscular synapse? Thesc measurements may provide

an avenue for the investigation of AHCs in situ in
patients with spasticity, and AHC disease as well as
the study of the effect of different drugs on AHC and
central synaptic function.

METHODOLOGY—The H-Reflex was studied in
the flexor carpi radialis muscle by stimulating the me-
dian nerve at the elbow and recording from the belly
of the muscle using a single fiber electromyographic
electrode. Twelve men and 7 women, aged 20 to 80
years were studied. An action potential in the 15 to 25
ms latency range was sought at low stimulation
strengths (25 to 100 V). The subject was then given a
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series of shocks at 0.5 pulses per second. After 50
stimuli, single fiber H-Reflexes were superimposed,
10 at a time, and their jitter was calculated.

RESULTS—The mean H-Reflex jitter was
137.99+58.89 us. H-Reflex jitter increased with age
(while the M-Reflex jitter did not) and was greater in
men than in women. There was a direct correlation
between the H-Reflex jitter and the AHC's input resis-

Functional Assessment

tance with smaller AHCs, with high input resistance,
showing a greater H-Reflex jitter than larger AHCs
with low input resistance. The H-Reflex jitter can be
used as a direct indicator of AHC size. When subjects
fell asleep, the H-Reflex jitter increased more than 10
fold over the baseline value, raising the possibility
of an alternative, oligosynaptic pathway for the H-
Reflex.

[65] DEVELOPMENT OF AN ADULT CLINICAL VERSION OF THE TUFTS

ASSESSMENT OF MOTOR PERFORMANCE (TAMP)

Bruce M. Gans, MD; Steven Haley, PhD, PT; Larry Ludlow, PhD; Beverly Maiers, PT; Lynn Trumbo, OTR;

Michael Nanna, MEd

Department of Physical Medicine and Rehabilitation, Wayne State University School of Medicine, Detroit, M1 48201 ;

New England Rehabilitation Hospital, Woburn, MA 01901

Sponsor: The Del Harder Rehabilitation Fund, Rehabilitation Institute of Michigan

PURPOSE—The Tufts Assessment of Motor Perfor-
mance (TAMP) was designed to provide a diagnosis-
independent clinical assessment of human functional
motor performance and to provide a comprehensive
evaluation of physical function across all disability
types and across all ages. Its purpose is to examine
motor performance in sufficient detail to assist with
treatment planning and to adequately describe and
identify meaningful clinical change in motor abilities.
The TAMP is a standardized measurement tool that
samples a broad range of physical skills in the areas of
mobility, activities of daily living (ADL), and physi-
cal aspects of communication. Multiple measurcment
dimensions are employed to assess various levels of
disability.

Experience has shown that the TAMP as de-
signed was not fully applicable to young children, and
because of its length not practical in clinical settings.
A vcersion practical for use in clinical settings was
created specifically for the pediatric population. This
version, the Pediatric Evaluation of Disability Inven-
tory or PEDI, was developed for clinical evaluation of
children with physical disabilities and is currently
being used in many pediatric clinical rehabilitation
settings. Because the PEDI was designed specifically
for the evaluation of children, it is not applicable for
the evaluation of adults. The purpose of the current
project is to develop a revised version of the research

TAMP specifically designed for clinical use in adult
rehabilitation populations.

METHODOLOGY—The TAMP is administered by
having subjects perform a number of motor tasks.
Each task is broken down into three components. Sub-
jects are evaluated by a physical or occupational ther-
apist on their ability to complete each segment, as
well as being timed on the entire task.

PROGRESS—Testing to date has been completed on
80 adult subjects including pilot testing. Data collec-
tion will last until May 1995 with the minimum goal
of 120 subjects. Rasch analysis will be a primary anal-
ysis technique. Data will be analyzed to develop an
item hierarchical model, item difficulty estimates, and
interval level summary scores. Repeat testing will
occur for some subjects in order to develop inter-rater
reliability and test-retest estimates. TAMP data will
be compared to FIM data collected on a subset of
subjects to cross-validate the TAMP.

FUTURE PLANS—A manual is being developed for
the final version of the Adult Clinical TAMP which
will include all instructions necessary to utilize the
test in a variety of clinical environments. A computer
software program is also being developed to automat-
ically store and score TAMP data. Further dissemina-



60

Rehabilitation R & D Progress Reports 1994

tion of the TAMP will be in the form of publications
in peer reviewed journals and presentations at national
rehabilitation meetings. Final development of the

Adult Clinical TAMP and administrative/scoring man-
ual is expected to be completed by October of 1995.

[66] ASSESSMENT OF THE RELIABILITY AND VALIDITY OF THE PEDIATRIC

EVALUATION OF DISABILITY INVENTORY (PEDI)

Kathryn A. Boschen, PhD; F. Virginia Wright, MSc

Department of Rehabilitation, University of Toronto, Toronto, Ontario MST IW5 Canada; Hugh MacMillan Rehabilitation Centre,

Toronto, Ontario M4G IR8 Canada
Sponsor: The Hospital for Sick Children Foundation

PURPOSE—The recently developed Pediatric Evalu-
ation of Disability Inventory (PEDI) is a functional
assessment measure intended for evaluation of young
children (ages 6 months to 7 years) with chronic ill-
ness or physical disability. The PEDI is a judgment-
based assessment completed by rehabilitation profes-
sionals and parents as they reflect on the function of
children in their home, school, and therapy environ-
ments.

The PEDI includes three domain areas comprised
of eight self-care areas, seven mobility areas, and five
social function areas; it is divided into three theoreti-
cal measurement dimensions: Functional Behaviours
and Skills (Part 1), Assistance by Caregivers (Part 2),
and Modifications/Adaptive Equipment Required
(Part 3). It has been standardized on a sample of non-
disabled children between the ages of 6 months and 7
years. We undertook in this study to evaluate the
PEDI’s reliability, validity, and responsiveness when
used with 40 children with varying severities of cere-
bral palsy, aged 3 to 7 years inclusive, seen as clients
at the Hugh MacMillan Rehabilitation Centre or at
Bloorview Children’s Hospital, both in Toronto, Can-
ada.

METHODOLOGY—A 3-week test-retest interval
was chosen for assessment of intra- and inter-rater
reliability of Parts 1 and 2. The PEDI was completed
on two separate occasions by the child’s primary car-
egiver, physiotherapist, occupational therapist, and
classroom teacher. Data were analyzed according to
these four respondent groups for the inter-rater reli-
ability component. Concurrent validity evaluations in-
cluded estimation of the strength of correlations be-
tween PEDI scores and those of actual performance of
the PEDI tasks, as well as on two validated measures:

the Gross Motor Function Measure (GMFM) and the
Battelle Developmental Inventory Screening Test
(BDIST). Responsiveness was estimated using change
scores obtained from administration of the PEDI 6
months after the baseline evaluation.

PROGRESS—The test-retest reliability of Part 1 was
excellent within each respondent group for all of the
three domains of self-care, mobility, and social func-
tion (0.80<ICC<0.98; SEM<4.0). Inter-rater reliability
estimates at baseline for the various respondent group
comparisons (i.e., PT vs. parent) were fair to excellent
for the three domains (0.72<ICC<0.86; SEM<S3.5).
Differences between Part 1 scores by PTs/OTs and
parents were significant (p<0.001), perhaps reflecting
differences in abilities in the classroom and in the
home. For Part 2, there was good inter and intra-rater
agreement (weighted kappas >0.65). In both Parts 1
and 2, reliability estimates were highest for the Self-
Care domain, and lowest for Social Function, which
respondents noted was harder to rate.

Results from the validity assessments included
the following: PEDI total score and GMFM total,
r=0.75; PEDI mobility domain and GMFM total,
r=0.85; PEDI total and BDIST total, r=0.81; PEDI
social function domain and BDIST total, r=0.59. The
data also confirmed the PEDI’s responsiveness to
change over a 6-month time period in rehabilitation
settings in which small, gradual gains are expected.
Evaluation is still needed with children in whom
greater change may occur, to give estimates of maxi-
mum responsiveness.

IMPLICATIONS—It is essential to have valid in-
struments to measure change in functional abilities in
the cerebral palsy population in order to assist with
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both treatment planning and service evaluation. Re-
sults from this study indicated strong inter-rater reli-
ability for the Pediatric Evaluation of Disability In-
ventory. The influence of the environmental context
on inter-rater reliability warrants further investigation.
Evidence of good concurrent validity of the PEDI has
also been documented. Given these satisfactory reli-
ability and validity results, the PEDI has strong poten-
tial as a clinical, research, and evaluation instrument

Functional Assessment

for use with children with cerebral palsy up to the age
of 7 years.

RECENT PUBLICATIONS FROM THIS RESEARCH

Critique of the pediatric evaluation of disability inventory (PED!).
Reid DT, Boschen K, Wright V. Phys Occup Ther Pediatr
1993:13:57-87.

Pediatric evaluation of disability inventory (PEDI): validation of a
new functional assessment outcome instrument. Wright V,
Boschen KA. Can J Rehabil 1993:7:41-2.

[67] AN INTEGRATED, COMPUTER-MANAGED SYSTEM FOR CLINICAL MOTOR

(DIS)ABILITY ASSESSMENT

Velio Macellari, PhD; Claudia Giacomozzi, PhD; Theo Mulder, PhD; Alberto Leardini, PhD; Maria Bulgheroni, PhD
Biomedical Engineering Laboratory, Istituto Superiore di Sanita, 00161 Roma, Italy: Sint Maartenskliniek, 6500 Nijmegen,
The Netlierlands; Istituti Ortopedici Rizzoli, 40136 Bologna, Italy; BTS, 20148 Milano, ltaly

Sponsor: Istituto Superiore di Sanita; Commission of the Furopean Communities; CAMARC

PURPOSE—The definition of disability given by
WHO is of poor use to devise a procedure for
(dis)ability assessment. It is more effective, instead, to
define disability as the breakdown of a motor skill: the
poorer the motor skill, the lower the automaticity in
performing a motor task (i.e., the stronger the depen-
dence on cognitive and/or perceptual guidance). The
system we have implemented is based on the evalua-
tion of this dependence in level walking by assessing
the residual motor ability. The most relevant kine-
matic and dynamic parameters of gait are obtained by
using the procedures and the already existing instru-
mentation for movement analysis (MA). In order to
investigate how much the recovered motor skill still
depends on the cognitive and perceptual systems, au-
ditory and/or visual disturbances (secondary tasks) are
reproduced during the performancc of motor tasks
(primary task). A few ad hoc tools have been devised
to implement perceptual and cognitive tasks. It was
mandatory to exploit telecontrol and tclemetry to limit
the influence of system-patient interaction on the
motor response.

METHODOLOGY-—The system is composed of four
functional blocks: a set of tools to implement the per-
ceptual/cognitive tasks, movement data acquisition in-
struments, a trial manager through which all these
devices operate, and a data analysis module. The fol-

lowing secondary tasks have been used. To determine
visual dependence, impaired vision has been simu-
lated by means of liquid-crystal spectacles that can be
turned transparent or opaque by means of a radio con-
trol. To determine cognitive dependence, an auditory
task has been implemented by means of a voice syn-
thesizer and recognizer device, radio-linked to a head-
phone-microphone set. The patient has to recognize
the pitch of a message, which could not correspond to
the meaning of the message itself. Response correct-
ness and delay are recorded. To determine sensory-
motor adaptability, the patient is asked to approach a
step and to walk on it without decreasing velocity, or
to step right or left in response to a randomly acti-
vated light signal managed by computer via radio link.
Movement acquisition instruments are: a 3-D opto-
electronic system, a force platform of any kind, and a
2.5 m long pressure platform.

PROGRESS-—Preliminary trials revealed that, even
in healthy subjects, the cognitive/perceptual task inter-
feres with the motor task, and that subjects are better
off not knowing what type of task they will be asked
to perform. This avoids artifacts due to anticipation.
Walking velocity, stride breadth, pelvic rotations, step
length and frequency, and the score of the auditory
task are the most significant parameters. The method
was first applied to nondisabled subjects. Patient cate-
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gories that present a well-known pathology (e.g., am-
putees) have been selected. The degree of variability
of the motor response is closely correlated to the level
of rehabilitation, which indicates a certain amount of
reautomatization of gait.

FUTURE PLANS—The dual task approach seems to
be a promising technique for (dis)ability assessment.
A few drawbacks emerged during our early experi-
ments: the anticipatory response cannot be avoided

[68] SYNCHRONOUS BEHAVIOR OF MOTOR UNIT FIRINGS

Hans P. Batra, BS; Carlo J. DeLuca, PhD; Zeynep Erim, PhD

completely, but its effects must be minimized further
on, and the number of trials and hence the number of
tasks should be reduced to not fatigue the patient too
much. Our system is intended as a workbench to vali-
date the approach while improving the im-
plementations of the secondary tasks. Meanwhile, it
will allow us to gather information useful to design
more specific, cost-effective instruments for clinical
use.

NeuroMuscular Research Center, Boston University, Boston, MA 02215

Sponsor: Liberty Mutual Insurance Company

PURPOSE—The physiological purpose of the syn-
chronization of motor units has been questioned by
many researchers. If motor units were to fire synchro-
nously, muscle contractions would not be smooth.
From a functional point of view, therefore, synchroni-
zation of motor units is not desirable, yet it is consis-
tently observed in low levels in concurrently active
motor units. To gain further insight into the phenome-
non of synchronization, we are investigating it under
different experimental paradigms. The information
obtained, in addition to shedding light into the mecha-
nisms responsible for motor control, will provide a
means of identifying altered behavior among compro-
mised motor units.

METHODOLOGY—A total of 446 motor unit pairs
identified in contractions of the first dorsal interosseus
and tibialis anterior muscles in humans were analyzed
for synchronization. The Synchronization Ratio and

Motor Unit Synchronization, described previously,
were used to quantify and compare the synchroniza-
tion changes. The effects of various parameters on
synchronization were considered. These parameters
included the force level and duration of the contrac-
tion, the recruitment threshold, and average firing
rate, as well as the difference in the recruitment
thresholds and in the average firing rates of motor unit
pairs.

RESULTS—Preliminary findings indicate that the
synchronization level is affected by the force level,
and that over time, synchronization does not appear to
have a consistent pattern. The physiological origins of
these results and whether synchronization serves a
functional purpose or whether it occurs as a side effect
of other physiological mechanisms, are still under
consideration.

[69] MOTOR UNIT CONTROL PROPERTIES DURING SUSTAINED ISOTONIC

ISOMETRIC CONTRACTIONS

Patrick J. Foley, BS; Carlo J. DeLuca, PhD; Zeynep Erim, PhD; M. Khouri
NeuroMuscular Research Center, Boston University, Boston, MA 02215

Sponsor: Liberty Mutual Insurance Company

PURPOSE—We previously reported that during sus-
tained constant-force contractions at 30, 50, and 80
percent of maximum voluntary strength, motor units

in the tibialis anterior (TA) and the first dorsal inter-
osseous (FDI) muscles showed a continual decrease of
mean firing rates. Our studies have established that
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the rate of the decrease was proportional to the con-
traction level and, within single contractions, propor-
tional to the recruitment threshold of the motor unit.
This project addressed the question of how the force
output of the muscle can be maintained constant when
the firing rates are shown to decrease. This informa-
tion regarding the mechanisms which control the be-
havior of motor units will provide a basis for repairing
dysfunctional muscles.

METHODOLOGY—The ability to sustain muscle
force in the presence of decreasing firing rates could
possibly be due to three mechanisms: recruitment of
additional motor units, compensatory activity in the
agonist or antagonist muscle groups, and twitch poten-
tiation. In order to investigate which of these mecha-
nisms prevailed, electromyographic (EMG) data re-
corded in 85 constant-force contractions of the TA
and FDI muscles were searched for recruitment of
motor units. Wrist extensor and flexor muscles were

Functional Assessment

employed to investigate the presence of compensatory
action, such as a decrease in antagonist activity or an
increase in agonist activity, during sustained force
output.

RESULTS—In isotonic contractions, no recruitment
was observed after the aimed force level was initially
reached. Recruitment of additional motor units was
observed only in contractions where the force was
increased above the already achieved plateau level. In
this case, the already active motor units also increased
their firing rates. This ruled out the possibility that
recruitment was responsible or necessary for main-
taining a constant force level. No compensatory activ-
ity in the agonist or antagonist muscles was observed.
Without recruitment or complementing agonist/antag-
onist activity, twitch potentiation remained as the only
acceptable mechanism that could cause the firing rates
to decrease during sustained contractions.

[70] CONTROL OF MUSCLE FIBERS: HOW DOES A MUSCLE REGULATE FORCE?

Zeynep Erim, PhD; Carlo J. DeLuca, PhD; Kiyoshi Mineo, MD

NeuroMuscular Research Center, Boston University, Boston, MA 02215; Keio Medical School, Tokyo 160 Japan

Sponsor: Liberty Mutual Insurance Company

PURPOSE—Our previous work addressed the archi-
tecture of the motoneuron pool and the inherent char-
acteristics of individual motor units. In the present
study we attempt to gain insight into the input signals
that drive the motor units, given the formerly estab-
lished pool architecture and input/output properties.
This work is intended to increase our knowledge of
the normal control of motor units so that better proce-
dures may be established to diagnose and rehabilitate
persons with neuromuscular deficiencies.

METHODOLOGY—Myoelectric signals were de-
tected from the tibialis anterior muscle of six subjects
with a special quadrifilar needle electrode while the
subjects generated isometric forces at 20, 50, 80, or
100 percent of maximal voluntary contraction. These
signals were later analyzed by our Precision Decom-
position Technique.

RESULTS—The investigation of the coefficient of
variation and standard deviation of the interspike in-
tervals as a function of recruitment threshold led to
the suggestion that at a given force, the coefficient of
variation of the interpulse intervals may be the param-
eter which the system controls and maintains constant.
It was observed that the coefficient of variation in-
creased with increasing target levels.

The joint behavior of pairs of motor units were
investigated by cross-correlating the continuous mean
firing rate signals of pairs of motor units. The results
confirmed our conviction of the previously discussed
concept of common drive pertaining to the unison
control of motor units active in a given contraction. If
the inputs received by a motor unit are modeled as a
common drive shared by all motor units and a noise
input specific to that unit, the findings of this study
suggest that common drive increases faster relative to
the noise component as higher muscle forces are pro-
duced.
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[71] RELATION OF REHABILITATION INTERVENTION TO FUNCTIONAL

OUTCOME

Allen Heinemann, PhD; Byron Hamilton, MD, PhD; Mark Johnston, PhD

Rehabilitation Institute of Chicago, Chicago, IL 60611-3020

Sponsor: National Institute on Disability and Rehabilitation Research; Rehabilitation Research and Training Center on Functional
Assessment and Evaluation of Rehabilitation Outcomes, State University of New York at Buffalo

PURPOSE—A clear relationship between medical re-
habilitation therapy and functional outcome has not
been demonstrated. It is assumed that ‘‘more of the
right kind’’ of therapy results in better functional out-
come; however, there is little objective evidence to
support this assertion. Importantly, we do not know
objectively what the ‘‘right’’ kind of therapy is. Cost-
effective, competitive rehabilitation services will be
based on a clear understanding of what resources and
strategies result in the most desirable outcomes at
least cost. It is the purpose of this project to objec-
tively measure and then demonstrate relationships be-
tween therapy type and extent of functional outcomes,
based on recently developed methods.

Our preliminary studies have illustrated the
motor and cognitive recovery attained by patients un-
dergoing comprehensive medical rehabilitation and
moderate correlations with nursing time and certain
billed services but not others, such as physical and
occupational therapy. Further study is needed to iden-
tify relationships between impairment and disability,
the extent to which rehabilitation goals are met, and
barriers to goal attainment and functional recovery.

The specific aims of this 4-year study are to:

1. Document the characteristics of functional im-
provement during inpatient rehabilitation

2. Describe the relationships between type, intensity
and duration of rehabilitation interventions and
functional improvement

3. Evaluate differences between patients with specific
kinds of impairments in functional improvement

4. Describe extent and rate of functional improvement
in terms of therapeutic goals and activities, barriers
to rehabilitation process, and comorbidity.

METHODOLOGY—Three impairment groups will
be included: Patients with stroke, traumatic brain dys-
function, and spinal cord dysfunction. These groups

are among the largest populations served by inpatient
rehabilitation programs. A minimum of four inpatient
rehabilitation programs will collect patient data. All
will be subscribers to the Uniform Data System for
Medical Rehabilitation. A sample of 100 patients per
impairment group (a minimum of 400 total) will be
collected; each hospital will provide data on 100 pa-
tients, 33 per impairment group.

For each patient, FIM scores will be assessed
weekly by nursing staff; nursing activities will be col-
lected during a 24-hour period weekly; therapy hours
will be extracted from patient bills and totaled for
weekly periods; and, therapy activities and goals,
comorbidities, and barriers will be summarized
weekly.

PROGRESS—AnN advisory group at the Rehabilita-
tion Institute of Chicago identified, reviewed, and ap-
proved a list of rehabilitation goals, therapy activities
and interventions, barriers to goal attainment, and
comorbidities. Pilot data were collected through Feb-
ruary, 1995. The advisory group will reconvene
through March, 19985, to review the pilot data, to dis-
cuss procedural difficulties, and to revise instruments
and procedures to assure that full-scale data collection
proceeds smoothly. Full scale data collection will
begin in March 1995, and continue through January
1997. Data analysis and report writing will begin in
February 1997, and continue through August 1997.

RESULTS—Study in progress; no resuits yet avail-
able.

RECENT PUBLICATIONS FROM THIS RESEARCH

Functional status and therapeutic intensity during inpatient reha-
bilitation. Heinemann AW, Hamilton BB, Linacre JM, Wright
BD, Granger CV. Am J Phys Med Rehabil. In press.
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[72] DEVELOPMENT OF PROTOCOLS AND MODELS USED TO QUANTIFY
FUNCTIONAL CAPABILITIES OF PERSONS IN RESPONSE TO THE AMERICAN

WITH DISABILITIES ACT (1992)

Mohamad Parnianpour, PhD; Kinda Khalaf, MS; Patrick Sparto, BS; William Marras, PhD; Sheldon Simon, MD
Biodynamics Laboratory, Ohio State University, Columbus, Ohio 43210

Sponsor: National Institute on Disability and Rehabilitation Research; Ohio Bureau of Workers' Compensation, Division of Safety and

Hygiene

PURPOSE—Title I of the ADA prohibits employ-
ment discrimination against people with disabilities
who are qualified to do ‘‘the essential functions of a
job.”” Employers must demonstrate that a medical test
or inquiry is job-related and consistent with the busi-
ness necessity and that performance cannot be
achieved with reasonable accommodations. Conse-
quently, job task analysis and job demand profile ne-
cessity have become crucial in the industry.

The objective of this project has been to develop
a series of models that could be used in the process of
employment and rehabilitation of injured workers
under the ADA. More specifically, the goal was to
develop a protocol and models that could be used to
predict the functional capabilities (i.e., joint velocity,
torque and power generation capabilities) of an indi-
vidual.

METHODOLOGY—Twenty subjects (10 males and
10 females) were tested using the KIN-COM [25E
Plus muscle testing and training system from Chattecx
Corp. Isometric, isokinetic, and i1soresistive modes of
testing were used to study the velocity, torque, and
power capabilities for each of the isolated joints:
trunk, shoulder, elbow, hip, knee, and ankle. From
the angle and velocity dependent data, surfaces of the
joint torque capability were generated. These surfaces
will be used to predict the joint torque generation
capability for any combination of angle and velocity
within the scope of the model.

PROGRESS—AIl subjects have been tested, and the
data analysis is ongoing. A database has been con-
structed of the angle and velocity dependent joint
torque capabilities. Foremost in the groups’ progress
has been the inclusion of normal female subjects into
the database. Despite the continuous increase in the
percentage of women who are involved in MMH tasks
in the work-force, few studies address the quantifica-
tion of strength profiles and functional capacity for
females. In addition, most traditional jobs were de-

signed based on male strength characteristics and an-
thropometry which increases the risk for female inju-
ries.

RESULTS—In an attempt to answer the question of
how to best assess strength, it was found that the
isokinetic mode of testing was a more systematic and
efficient method of characterizing the strength profiles
as a function of joint position and velocities. The
isoresistive mode, on the other hand, resulted in
sparse data sets due to the fact that in this latter mode
there is no prior knowledge what combinations of po-
sitions and angular velocities will be observed. Addi-
tionally, 3-D surface responses of joint strengths as a
function of angular position and velocity were con-
structed for the trunk, shoulder, elbow, hip, knee, and
ankle joints. Such data presentation is more accurate
and gives better insight about the individual strength
profiles.

Combined with an analysis of the job-specific joint
requirements, the quantification of functional capabili-
ties of an individual will answer the following questions:
Can subject/patient A perform task B? What about task
B is most limiting? Is there any modification in task B
that makes the demands within the feasible and accept-
able range of subject/patient A’s functional capabilities?
What is the limiting functional unit for performing task
B? Which tasks or jobs in the designated set of tasks are
feasible and acceptable, given the known functional ca-
pabilities of subject/patient A?

RECENT PUBLICATIONS FROM THIS RESEARCH

Comparative cvaluation of isotonic and isokinetic modes of testing
with crgonomic and rehabilitation pcrspective. Khalaf K,
Parnianpour M, Sparto P. In: Proccedings of thc RESNA Inter-
national "94; 1994 June 17-22, Nashville, TN. Washington, DC:
RESNA Press, 1994:176-8.

Dcvelopment of 3-D surface response of trunk strength as a func-
tion of trunk position and angular velocity. Khalaf K. Parnianp-
our M, Sparto P. In: Proceedings of thc Amcrican Socicty of
Biomechanics Annual Mceting, 1994:59-60.
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Mohamad Parnianpour, PhD; Patrick Sparto, BS; Kinda Khalaf, MS; William Marras, PhD; Sheldon Simon, MD
Biodynamics Laboratory, The Ohio State University, Columbus, OH 43210

Sponsor: National Institute on Disability and Rehabilitation Research; Ohio Bureau of Workers' Compensation, Division of Safety and

Hygiene

PURPOSE—The Americans with Disabilities Act
(ADA) of 1992 ensures both equal access to public
accommodations and services and equal opportunity
in employment for the 43 million Americans who
have disabilities. Title I of ADA became effective for
companies with 25 or more employees on July 26,
1992. Title I of the ADA prohibits employment dis-
crimination against people with disabilities who are
qualified to perform the essential functions of a job.
This prohibition applies to all aspects of employment
such as: hiring, retention, promotion, benefits, and
training opportunities.

The objective of this project has been to develop
a series of models that could be used in the process of
employment and rehabilitation of the injured workers
given the ADA. More specifically, the goal is to de-
velop models that can successfully predict the require-
ments of industrial tasks. These models would be used
for both analysis and simulation purposes. Once these
models are validated, they could be used along with
documentation of a subject’s functional capabilities to
prescribe job-specific rehabilitation programs and/or
assistive devices, that would allow individuals to per-
form the essential functions of the job.

METHODOLOGY—Healthy nondisabled subjects
and low back pain patients are to perform a variety of
lifting and lowering tasks in order to quantify what
joint motion and strength capabilities are needed in
order to complete the tasks. Subjects will be tested
while the speed of lift, lifting style, load of lift, and
duration of task are varied for lifts occurring in the
sagittal plane. Video kinematic analysis and
biomechanical modeling will provide estimates of re-
quired joint velocity, torque, and power needed to
perform the tasks. Mathematical models will be devel-
oped that will be used to predict what is required in
terms of joint velocity, torque, and power, given any

arbitrary set of lift speed, load, and lifting style within
the scope of the model.

PROGRESS—Twenty nondisabled subjects (10 fe-
male, 10 male) have been tested. The data analysis has
been completed for the male subjects and started for
the female subjects. A normative database is being
constructed consisting of the joint velocity, torque,
and power generation requirements for each of the
simulated lifting tasks.

RESULTS—The speed of lift, lifting style, and load
of lift all significantly affected the joint velocity,
torque, and power generation and distribution. For ex-
ample, the power generated by the knee and hip mus-
cles is less for a stoop lift than for a squat lift, while
the reverse is true for the lower back muscles. The
development of a normative database and valid mod-
els are important for the prescription of rehabilitation
programs and assistive devices for disabled individu-
als. The use of biomechanical analysis for quantifica-
tion of task requirements is integral to this goal.

RECENT PUBLICATIONS FROM THIS RESEARCH

Effects of load, speed, and mode of lift on the joint energetics
during unconstrained lifting and lowering activities. Sparto P,
Parnianpour M, Khalaf K. Advances in Bioengineering, ASME-
BED 1993:26:467-70.

More quantitative approach to classification of impairments, dis-
abilities, and handicaps. Parnianpour M, Engin A. J Rheumatol
Med Rehabil 1994:5(1):52-64.

Applications of quantitative assessment of human performance in
occupational medicine. Parnianpour M. In: Bronzino J, ed.
Handbook of Biomedical Engineering. Boca Raton, FL: CRC
Press, 1994.

Effects of load, mode, and speed of lift on the power generation,
absorption and transfer during a multi-link coordinated lifting
task. Sparto P, Parnianpour M, Khalaf K. In: Proceedings of the
RESNA International '94; 1994 June 17-22, Nashville, TN.
Washington, DC: RESNA Press, 1994: 182-184.



67

Functional Assessment
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PURPOSE—This project seeks to develop and assess
quantitative parameters, which are computed from
motion laboratory data and can be used in clinical
decision-making processes. Development of useful pa-
rameters requires substantial reduction of large vol-
umes of motion data (e.g., kinematic and electromyo-
graphic (EMG) data). Resulting parameters should be
understandable to clinical personnel, so that such per-
sonnel can utilize them properly in patient care. This
project involves the following objectives: propose
candidate parameters and indices; evaluate the compu-
tation of these parameters with respect to assumptions
required and to sources of error and variability; exam-
ine the feasibility of implementing these parameters in
clinical data processing; assess the usefulness of these
parameters in clinical decision making; and develop
databases of values for these parameters.

Initial efforts have been directed largely toward
development of parameters to assist orthopedic sur-
geons in determining the amount of lengthening to
obtain, when lengthening musculotendon units in chil-
dren with cerebral palsy (CP). Toward this end we
have established two objectives: the identification of
thresholds at which dynamic spasticity becomes pres-
ent in young children with CP and the determination
of a scaling factor to relate the age of the child with
CP to the amount of musculotendon lengthening to be
obtained. We have continued to collect motion labora-
tory data for substantial numbers of clinical patients,
consistent with the need for establishing appropriate
databases.

METHODOLOGY—To estimate threshold levels for
dynamic spasticity onset, we will need to determine
musculotendon unit length when dynamic spasticity
becomes present, as well as the concurrent rate of
change of musculotendon unit length. We also need to
evaluate two additional quantities: the force produced
by the spastic musculotendon unit when dynamic
spasticity becomes present, and the concurrent rate of

change in force produced. To determine scaling fac-
tors that relate age to the needed amount of lengthen-
ing of the specific musculotendon unit, we need to
combine pre-surgery and post-surgery gait data with
measured changes in the length of specific
musculotendon units.

We have obtained biomechanical simulation soft-
ware with the flexibility to recreate the dimensions of
any individual’s lower extremity by scaling the bone
elements of the general lower extremity model. The
musculotendon units can be scaled similarly. This
software also includes the flexibility to modify the
origins and insertions of any musculotendon unit, and
thus alter its length. We have modified some of our
standard data formats in order to effect compatibility
with this software package. Such modifications have
permitted use of our existing database, at least in the
initial stages of our investigations.

Modifications have been made to allow the simu-
lation software to accept data from our database in the
Gait Analysis laboratory. We have been able to enter
certain gait parameters and observe the force gener-
ated by certain musculotendon units, as well as ob-
serve the changes in the length of any unit as a func-
tion of time. We also have been able to estimate
moments about each joint during the gait cycle as they
relate to one or several musculotendon units, based
entirely upon kinematic and electromyographic data.
In addition, we can observe strains experienced by
different musculotendon units during the gait cycle.

RESULTS—Results to this point indicate that kinetic
variables are very sensitive variables. In other words,
the force generated by a spastic musculotendon unit
and the moments this unit can produce about the joints
it acts upon, are the most sensitive parameters when
an operation that results in lengthening of the
musculotendon complex has been performed. How-
ever, to this point our results are based on estimated
lengthenings of the musculotendon units in question.
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Sponsor: National Institute on Disability and Rehabilitation Research

PURPOSE—This project is a study of the potential
use of lower limb joint kinetics, including torque, en-
ergy, and power data, to assist rehabilitation profes-
sionals in evaluating disabling and potentially dis-
abling conditions which affect ambulation. We are
investigating these parameters with respect to their
value in making or refining diagnoses, making clinical
decisions regarding interventions, prognosing long
term function, and assessing disability levels.

METHODOLOGY—Activities of this project have
involved a number of subject groups. We have evalu-
ated kinetic data of patients (primarily with spastic
cerebral palsy) who utilize ankle bracing. Initial eval-
uation of lower limb joint moment patterns, performed
by an orthopaedic surgeon specializing in gait data
interpretation, had suggested that bracing provided
substantial benefits to some patients, had negligible
impact on others, and had detrimental effects on the
rest. In subsequent investigation of these subjects’ ki-
netic data, we computed the braced and unbraced joint
power trajectories for all lower extremity joints. From
the joint power trajectories we determined the joint
energy absorbed and the joint energy expended for
each joint under each condition (i.e., braced and un-
braced). Subsequently, we obtained the differences in
joint energy absorptions and expenditures, between
the braced and unbraced conditions, for each joint and
for all joints combined.

Additionally, we have evaluated kinetic data col-
lected from patients, with suspected loose prosthetic
femoral stems, in order to overcome the difficulty of
using kinematic data to determine whether these com-
ponents are loose. Preliminary kinematic data has sug-
gested that transverse plane hip joint rotations (i.e.,
internal/external rotations) may be increased in pa-
tients with loose prosthetic femoral stems. It was dif-
ficult, however, to determine the amount of an inter-

nal/external hip joint rotation that could be attributed
to relative rotation between the prosthetic femoral
head and the prosthetic acetabular cup (not problem-
atic), and the amount of transverse hip rotation that
could be associated with relative rotation between the
femoral canal and the prosthetic femoral stem (very
problematic). We have speculated that, during single
limb stance phase (i.e., from opposite foot off to oppo-
site foot contact) overall change of transverse hip joint
moment per unit change of transverse hip rotation
would be less for a hip joint with a loose prosthetic
stem. Based on this speculation we have been estimat-
ing transverse plane hip joint stiffness, during single
limb stance, as the slope of transverse hip moment
versus transverse hip rotation.

RESULTS—To date, joint energy data indicate that,
with bracing, joint energy absorptions are increased at
the hip and contralateral ankle, and for all joints com-
bined. Joint energy absorption is primarily associated
with eccentric muscular activity. Some investigators
have suggested that eccentric muscular activity is
more fatiguing than concentric activity; however, oth-
ers have reported that eccentric activity is better for
strengthening.

For the subjects with loose prosthetic femoral
components, the plots of dynamic rotational joint stiff-
ness suggest that these subjects exhibit substantially
smaller joint stiffness peaks on the limb with a loose
prosthetic stem, compared with the peaks for the con-
tralateral limb. Conversely, stiffness peaks appeared
similar for both limbs, when prosthetic femoral com-
ponent looseness was not present (as determined at
subsequent surgery). These results appear to suggest
strongly the potential use of dynamic rotational joint
stiffness at the hip for distinguishing loose prosthetic
femoral stems from those that are rigidly fixed.



69

[76] MECHANISMS UNDERLYING COMPLIANT BEHAVIOR OF THE LIMBS

G.L. Gottleib

Functional Assessment

NeuroMuscular Research Center, Boston University, Boston, MA 02215

Sponsor: National Institutes of Health

PURPOSE—The fact that our limbs generate forces
in response to externally imposed displacement is a
manifestation of their compliant properties. This com-
pliance is essential both to postural stability and to
graceful performance of all voluntary motor activity.
It is important to understand the mechanisms that are
responsible for creating and maintaining compliance.

METHODOLOGY—Compliance was studied in the
elbow by imposing perturbations to the limb with a
torque motor, using a specially designed
manipulandum that was controlled by a pair of small
computers. The forces and the effects of those forces
on the motion of the limb were measured and ana-
lyzed. Simultaneously, the concurrent electrical activ-
ity of the muscles (electromyography) was recorded
from the skin with surface electrodes. This allowed us
to partition the responses into components that were

produced by intrinsic muscle properties, by reflex
mechanisms, and by the intervention of higher func-
tions of the nervous system.

RESULTS—Experiments show that during sudden
perturbations and during rapid movement, limb com-
pliance is primarily due to the velocity-sensitive,
force-producing mechanisms of the muscle’s contrac-
tile mechanism. During postural maintenance, how-
ever, it is the length-sensitive mechanisms that are
most important. These intrinsic muscle mechanisms
are supported by rapidly acting reflex mechanisms
that can alter the activity of the muscles to oppose the
effects of the perturbations. Neither is sufficient, how-
ever, to prevent limbs from being displaced by exter-
nal perturbations. The motor system relies on the cor-
rective actions of higher centers, including conscious
ones, to provide a complete and adequate response.

[77] CENTRAL NERVOUS SYSTEM CONTROL RULES FOR VOLUNTARY

MOVEMENT

G.L. Gottleib

NeuroMuscular Research Center, Boston University, Boston, MA 02215

Sponsor: National Institutes of Health

PURPOSE—To understand how the brain directs the
limbs to perform purposeful movement, we need to
know what kinds of commands are sent to the muscles
and what variables are used to plan and construct
them. For example, does the control system plan a
movement’s path and velocity through space and then
from this plan compute the forces necessary to pro-
duce the movement? Does the system plan a path and
rely on neurophysiological feedback mechanisms to
generate the desired forces? Or does it plan forces that
from past experience it expects will produce a satis-
factory movement, and then monitor the outcome to
see if it was correct? The work of the Motor Control
Lab focuses on this third alternative and performs

experiments to test its hypotheses and implications.
We expect that not only will a better understanding of
brain function emerge from this research, but that it
will lead to new insights and a better way of evaluat-
ing patients with motor deficits.

METHODOLOGY—Subjects were asked to make
simple pointing movements, either in a special appara-
tus that limits motion to a single joint (the elbow or
wrist) or unconstrained movement of the whole limb.
The motion was measured by our apparatus and the
concurrent electrical activity of the muscles (electro-
myography) was recorded from the skin with surface
electrodes.
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RESULTS—The electromyographic patterns of the
muscles are modulated in a highly systematic fashion
when the subject is instructed to vary the distance,
speed, location, or the load of the movement. This has
led to the development of a model in which movement
planning occurs in terms of muscle activation patterns.

Muscle forces are produced, and, from these, move-
ment characteristics emerge. Reflexes play a support-
ive and adaptive but subordinate role in this process.
Movement skill emerges from practice in which indi-
viduals learn the proper muscle activation patterns by
trial and error.

[78] ASSESSING INDIVIDUALS’ PREDISPOSITIONS TO THE USE, AVOIDANCE, OR

ABANDONMENT OF ASSISTIVE TECHNOLOGIES

Marcia J. Scherer, PhD, CRC

National Technical Institute for the Deaf, Rochester Institute of Technology, Rochester, NY 14623

Sponsor: National Science Foundation

PURPOSE—The rate of abandonment of assistive
technologies (AT) remains high: 6 to 75 percent, de-
pending on the AT. The PI's past research has catego-
rized AT use as depending upon characteristics within
four major areas: a) the particular technology (e.g.,
design, service delivery); b) the person’s abilities and
personality (e.g., aptitudes, outlook, expectations); c)
the nature of the disability (e.g., type, severity); and d)
the person’s psychosocial environment (e.g., support
from family and friends, life experiences, education).
When variables within each of the above areas are
organized by category of technology use (optimal and
partial/reluctant) and non-use (avoidance and aban-
donment), individuals can be profiled according to the
likelihood of a good match with a particular AT.

METHODOLOGY—The Assistive Technology De-
vice Predisposition Assessment (ATD PA) is a con-
sumer self-report checklist with items of varied for-
mat, including 5-point Likert scales. Its purpose is to
identify potential sources of person and technology
mismatches for early intervention. The ATD PA has
subscales to separately assess characteristics of the
AT, the individual’s temperament, and the environ-
ment in which the person will use the AT. A compan-
ion form completed by professionals assesses shared
perspectives between consumer and professional.
Both forms were revised in 1994 to: a) facilitate the
assessment of multiple AT use for any given con-
sumer, and b) simplify the scoring. Side One of the
consumer form consists of questions given per con-
sumer on temperament, psychosocial resources, and
views of ‘‘disability’’; Side Two contains 10 ques-

tions for consumers to complete per technology on
their views of and expectations for that particular AT.
Companion professional forms are similarly con-
structed.

PROGRESS—Validity studies.A study is being con-
ducted of 21 persons with mixed diagnoses discharged
from an acute inpatient rehabilitation unit between
March and October 1994. They were administered the
1994 revised forms of the ATD PA-C at time of dis-
charge and will complete the forms again at 6-month
follow-up. Other research efforts included the admin-
istration of the ATD PA consumer form to individuals
precategorized into five groups according to level of
hearing loss. Additional studies are being conducted
by researchers at other sites throughout the United
States.

Reliability studies. Studies of the reliability (pri-
marily inter-rater) are on-going. Case examples of in-
dividuals being matched with an AT (consisting of
narrative case histories, the consumers’ responses on
the ATD PA-C, and videotaped interview segments)
are presented to groups of professionals and students
who then complete the professional form of the ATD
PA. The percent agreement and mean deviation from
the mode are calculated for each item.

RESULTS—AII results will be presented as data
analyses are completed. Previous studies have shown
that the consumer and professional forms of the ATD
PA are valid and reliable, and it is anticipated that the
1994 revised forms will evidence improved validity
and reliability.
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IMPLICATIONS—Reasons for and predispositions
to AT abandonment are clarified when reviewing the
results obtained from the ATD PA. It is hoped that
this information will lead to better person-technology
matching and enhanced consumer AT use and training
for use.

RECENT PUBLICATIONS FROM THIS RESEARCH

Challenges for the psychologist when technology joins the family.
Scherer MJ. Family Psychologist 1994:10(4):26-8.

[79] EVALUATION OF CARPAL TUNNEL SYNDROME
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Living in the state of stuck: How technology impacts the lives of
people with disabilities. Scherer MJ. Cambridgc, MA: Brook-
line Books, 1993.

Matching peoplc with technology: Why it often gocs wrong.
Scherer MJ. ADVANCE for Directors in Rchabilitation
1994:3(6):25-7.

Measuring outcomes of assistive technology use through mixed
methods. (Abstract). Scherer MJ, Cushman LA, Arch Phys Med
Rehabil 1994:75(6):726.

Measuring the relationship of equipment use and functional status
at follow-up. (Abstract). Cushman LA, Scherer MJ. Arch Phys
Med Rehabil 1994:75(6):724.

G. Rajterowski; Zeynep Erim, PhD; M. Khouri; Carlo J. De Luca, PhD
NeuroMuscular Research Center, Boston University, Boston, MA 02215

Sponsor: NeuroMuscular Research Center

PURPOSE—Carpal tunnel syndrome, resulting from
the compression of the median nerve at the carpal
tunnel, is thought to result from repetitive motion,
sustained loads, awkward joint positioning, and vibra-
tory forces. In 1990, the Bureau of Labor Statistics
reported 240,000 new cases, adding to the 1.89 mil-
lion Americans already afflicted with carpal tunnel
syndrome. In spite of its common occurrence, the clin-
ical tests currently used to assess the syndrome are
subjective and often inconclusive. The purpose of this
project is to design an objective, quantitative, and
noninvasive method to evaluate a patient’s involve-
ment with the carpal tunnel syndrome.

METHODOLOGY—In order to keep our procedures
as noninvasive and comfortable for the patient as pos-
sible, we have opted for a measurement system em-
ploying only surface electromyography and force

measurements. We hypothesized that if a subject is
asked to produce a combined force that can be gener-
ated as a sum of force contributions from two muscles
(one being more directly impaired by the carpal tunnel
syndrome), the unaffected muscle will be activated
more intensively in order to make up a greater portion
of the force as compared to that of a healthy person.

RESULTS—An arm and hand restraint device was
built that enables surface electromyographic and force
measurements from the thenar and hypothenar muscle
groups. This device allows the combined output force
to be displayed on-line to the subject for visual feed-
back. Our next step will be to test five healthy sub-
jects and five carpal tunnel patients and compare the
results in order to verify the usefulness of the tech-
nique in quantifying involvement with carpal tunnel
syndrome.
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[80] HIGH CHARGE DENSITY, BIPOLAR ELECTRODES FOR CHRONIC FNS

James S. Walter, PhD; Lisa Riedy, PhD; Paul Zaszczurynski; Stuart S. Cogan, PhD
VA Hines Rehabilitation Research and Development Center, Hines, IL 60141; EIC Laboratories, Norwood, MA 02062

Sponsor: Depariment of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#B658-2RA)

PURPOSE—The purpose of this research includes:
characterizing in vivo environments and developing
stimulating waveforms to minimize electrode corro-
sion; evaluating high strength lead materials for per-
cutaneous and intramuscular electrodes; developing
improved in vitro environments for evaluating elec-
trodes; and using activated iridium oxide (AIROF)
coatings for electrodes.

METHODOLOGY—Variable impedance bath in
vitro studies were conducted in a sand/electrolyte bath
using a three-electrode arrangement consisting of the
test electrode, Pt counter electrode, and standard calo-
mel reference electrode. Studies evaluated the effects
of pulse protocols, potential transients, buffers, and
protein on the corrosion response. Chronic pulsing
studies were conducted in our standard bath without
addition of protein for 1 year at a charge injection
density of 20 uC/cm?.

In vivo studies were conducted in SCI cats. Stud-
ies consist of performing a laminectomy over T-7,
implanting 2 Pt counter electrodes and approximately
20 test electrodes, and inserting a chronic bladder
catheter. Both anodic and cathodic-first pulsing were
evaluated for their effects on the corrosion response
and electrical transients of 316LLVM electrodes.

PROGRESS—We have continued the evaluation of
fluid, electrolyte, and impedance on the corrosion re-
sponse of electrodes pulsed in vitro. AIROF coated
electrodes have been made with preliminary evalua-
tion of charge injection characteristics. Injection den-
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sities up to 200 pC/cm?2 appear suitable. However,
adhesion of the coating to the metal remains a con-
cern.

RESULTS—The effect of protein on the corrosion
response of 316LVM electrodes was investigated in
vitro. The data indicated that the presence of protein
added to the fluid/electrolyte bath did not effect the
corrosion response or electrical transients. In the pres-
ence and absence of protein, light microscopy re-
vealed slight tarnishing uniformly across each
electrode’s surface. This finding was confirmed using
SEM.

The effect of impedance on the corrosion re-
sponse of monophasic, capacitively coupled 316LVM
electrodes pulsed with a charge injection of 40
uC/cm?2 was investigated. Studies were conducted
both in vitro and in vivo. Increased corrosion rates and
impedances were observed for pulsed electrodes in
vivo. The impedance of the in vitro bath was increased
to mimic the in vivo environment by using a bath
filled with sand and a small amount of fluid and elec-
trolyte. Pulsing in the sand bath resulted in increased
corrosion rates similar to in vivo. These increased cor-
rosion rates were also reflected in the electrical tran-
sients. These results show that corrosion rates may be
high in the body, requiring lower charge injection den-
sities.

The effect of chronic (I year) continuous stimula-
tion on the corrosion response of 316L.VM electrodes
was investigated in the standard low impedance, non-
protein-fluid/electrolyte bath. Despite the low charge
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injection density of 20 pC/cm2, tarnishing was ob-
served on electrodes pulsed with either anodic or cath-
odic-first pulsing.

FUTURE PLANS—We plan to conduct detailed in
vitro and fn vivo evaluations of high charge capacity
coatings of Ir (AIROF) as a means of achieving bipo-
lar charge injection capacities exceeding those pres-
ently available with uncoated alloys.

Functional Electrical Stimulation

RECENT PUBLICATIONS FROM THIS RESEARCH

Comparison of 316LVM and MP35N alloys as charge injection
electrodes. Cogan S, Jones GS, Hills D, Walter J, Riedy L. J
Biomed Mal Res 1994:28:233.

Effeets of long lerm stimulation on the corrosion responses and
eleelrical Iransients of 316L. VM slainless sleel electrodes. Riedy
L, Walier JS. An Biomed Eng 1994:22:202.

[81] REHABILITATION OF RESPIRATORY PARALYSIS: ACCESSORY MUSCLE

STIMULATION

Robert B. Dunn, PhD; James S. Walter, PhD; John M. Walsh, MD; S. Agrawal, MD
Rehabilitation Research and Development Center, VA Hines Hospital, Hines, IL 60141; Lovola Medical Center, Department of

Medicine, Maywood, IL 60153

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#B806-RA)

PURPOSE—ElIlectrical activation of the diaphragm
via phrenic nerve stimulation has successfully main-
tained resting levels of alveolar ventilation in spinal
cord injured and selected hypoventilating patients. Al-
though technical improvements have provided for
long-term care, the lack of coordinated contractions of
accessory muscles has severely limited the usefulness
of this technique. Normally, chest wall enlargement
acts synergistically with the diaphragm to inflate the
lungs. With diaphragm stimulation alone, the chest
wall collapses. This overburdens the diaphragm and
contributes to fatigue. Electrical activation of the
chest wall inspiratory muscles would assist the dia-
phragm and increase the efficiency of diaphragm pac-
ing. Electrical activation of expiratory muscles would
provide further enhancement and demonstrate the fea-
sibility of inducing an electrically generated
“‘cough.”” The goals of the present study are to de-
velop techniques that could be applied in the clinical
setting to coordinate diaphragm pacing with accessory
muscle stimulation.

METHODOLOGY—In acute dogs following anes-
thcsia, suture-type intramuscular electrodes were in-
serted in each hemidiaphragm close to the entry of the

phrenic nerves. Accessory muscle stimulation was ob-
tained from intramuscular implantation of stainless
wire electrodes with a small hooked end inserted
through a 27-gauge needle. The needle containing the
electrode was pulsed through the skin and into the
superficial muscle. We had little if any success with
subcutaneous electrodes no matter the location.

RESULTS—We have demonstrated the effectiveness
of stimulating accessory respiratory muscles using in-
tramuscular electrodes. Bilateral stimulation of elec-
trodes in the 3rd to 6th interspace were the most effec-
tive. Within this region electrodes placed in the lateral
or sternolateral regions next to rib margins produccd
the greatest response. Electrodes placed in the caudal
intercostal spaces produced little change or collapsed
the chest wall. Intramuscular electrodes in the rectus
abdominus and external obliques when stimulated
consistently increased intra-abdominal pressure and
supported expiration.

FUTURE PLANS—Studies are in progress to test the
effectiveness of intercostal muscle stimulation to as-
sist the breathing of people with quadraplegia.
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Electrical stimulation of thoracic inspiratory muscles by intramus-
cular electrodes. Dunn RB, Walter JS, Walsh J. Amer Para Soc
1993:16:259.

Diaphragm and accessory respiratory musclc stimulation using in-
tramuscular clcctrodes. Dunn RB, Walter JS, Walsh J. Arch
Phys Med Rchabil. In prcss.

[82] A NEW BIOELECTRIC METHOD FOR EARLY DIAGNOSIS OF DELAYED

FRACTURE HEALING

Dennis A. Chakkalakal, PhD; Michael H. McGuire, MD; Kevin L. Garvin, MD
VA Medical Center, Omaha, NE 68105; Creighton University Medical Center, Omaha, NE 68178; University of Nebraska Medical

Center, Omaha, NE 68198

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#A623-2RA)

PURPOSE—To develop a procedure of skin-surface
measurements of endogenous electricity for early
identification of delayed healing fractures.

METHODOLOGY—Based on our studies using ca-
nine models, we propose the following hypothesis:
normal and delayed healing fractures have distinct
clectrical signatures represented by different temporal
patterns of skin-surface electrical activity during the
first 8 weeks after fracture. The skin-surface voltages
will be measured over the fracture site within 24 to 48
hours after initial treatment. These measurements will
be repeated at 1, 2, 3, 4, 6, 8, 12, 16, and 24 weeks
after the first measurement, and at 2-month intervals
subsequently. Magnitude and rate parameters that
characterize the changes in voltage, as well as time
parameters characterizing sign changes in voltage,
will be compared for groups of patients in whom the
fractures have been clinically judged to be normally
healing or delayed at 4 months after fracture. Thus,
we will determine if these early electrical measure-
ments can predict whether or not the fracture will heal
normally.

Statistical design of the study is intended to test
the hypothesis that there is no difference in electrical
signatures of normal healing (NH) and delayed hcal-
ing (DH) fractures, under the condition a=0.01 and
B=0.1, using the results of our canine study as test
data. Minimum sample size is 10 patients for each
class of fracture (e.g., DH fractures of the tibia). Only
patients with single fracturcs of arms or legs treated at
the Omaha VAMC, the Creighton University Medical
Center, and the University of Nebraska Medical Cen-
ter will be included in the study.

Instrumentation and procedure for bioelectric
measurements described previously for the canine
study will be followed, using EKG-type miniature
Ag/AgCl electrodes. Based on X-ray, stress fluoros-
copy, and pain assessment, we will classify fractures
at 4 months into NH and DH groups. This will be
repeated, if needed, at 2-month intervals until the
‘“‘healing time’’” (Th) is reached when the fracture is
determined to be healed.

The temporal patterns of voltages will be de-
scribed in terms of rate parameters (e.g., rate of initial
decay of the would potential), magnitude parameters
and time parameters, as indicated above. The relation-
ship between these parameters and Th will be ana-
lyzed to develop indices that represent electrical sig-
natures for NH and DH groups. Data will be tested for
normality (Rankit Test) and approximate equality of
standard deviations (F-Test) before choosing paramet-
ric or nonparametric methods to test for statistical
significance of differences in these indices for normal
and delayed healing.

PROGRESS—Six patients have been enrolled so far
in the study, five with femoral fractures and one with
a fracture of the tibia.

RESULTS—It is too early to determine the predictive
value of the electrical measurements.

FUTURE PLANS—Additional patients are being en-
rolled to attain the minimum sample size in each
group. If thesc electrical measurements prove to have
predictive value, delayed healing fractures may be
identified earlier and additional treatments started
sooner to reduce the duration of disability.
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[83] NEUROPROSTHETIC CONTROL OF BLADDER AND BOWEL IN SPINAL INJURY

PATIENTS

Donald Bodner, MD; John G. Banwell, MD; Graham Creasey, MD
Case Western Reserve University Medical School, Cleveland, OH 441006

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#B804-RA)

PURPOSE—To evaluate the Finetec-Brindley electri-
cal stimulator for evacuating the bladder and bowel
following spinal cord injury (SCI) in 20 subjects. Vet-
erans with SCI require considerable health care re-
sources for prevention and treatment of bladder and
bowel complications. The greater independence, im-
proved health, and sense of self worth that implanta-
tion of the sacral nerve anterior root stimulator will
provide, in present form or in future design, will allow
veterans to achieve a significant reduction in need for
support staff, nursing care physicians, and treatment.
Our ultimate goal is the production of an improved
neuroprosthetic device to control bladder and bowel
function.

PROGRESS—In general, results have been very sat-
isfactory. As of January 1994, five subjccts (three
quadriplegic and two paraplegic) have received
Brindley implants at the Veterans Administration
Medical Center in Clevcland, Ohio. Three of these
patients have also undergonc posterior sacral rhizot-
omy.

METHODOLOGY—Finetec-Brindley (F-B) stimula-
tors will be implantcd in a total of 20 SCI subjects.
Clinical and laboratory investigation will assess blad-
der emptying, infection, urodynamic parameters, and
vesico-ureteric reflux. Colorectal studies will assess
cffectiveness of defecation and colorectal motility.
Analysis and statistical evaluation of success in restor-
ing bladder, bowel, and penile function will be made.
Subjects will be assessed before and 3, 6, and 22
months aftcr implantation of the neuroprosthesis. Ex-
periments in subjects being implanted with the F-B
stimulator will determine whether new clectrical stim-
ulatory procedures using quasitrapezoidal wave forms
can cause selective activation of small parasympa-
thetic nerve fibers. These should contract the colonic
and bladder wall musculature without causing external
sphincter contraction. Periopcrative studies to be con-
ducted during implantation of the device will permit

temporary placement of new cuff electrodes and use
of new stimulatory parameters, to be evaluated using
intraluminal pressure transducers placed in the colon,
rectum, bladder, and their sphincters. This will deter-
mine whether the new electrode design allows lower
currents and more selective activation than the F-B
electrodes, and whether micturition can be produced
more effectively than with existing techniques,

RESULTS—Prior to operation, two subjects had
long-term indwelling urethral catheters, two were de-
pendent on staff or relatives for intermittent catheter-
ization, and one performed intermittent self-catheter-
ization. Five subjects had chronic urinary tract
infection and one had early unilateral hydroureter.
Two had had external sphincterotomy performed in an
attempt to improve bladder emptying, but prior to
placement of the neuroprosthesis, they remained de-
pendent on intermittent catheterization and/or indwell-
ing catheterization respectively.

After opcration, all subjects are using their impl-
ant 4 to 6 times per day to evacuate thc bladdcr, both
in the hospital and at home, with low residual volumes
of urine (<50 ml). None of the subjects requirc use of
intermittcnt or indwclling catheterization. The para-
plegic male and low quadriplegic male have dispensed
with urine collection devices; the higher quadriplegic
males continue to use a condom and leg-bag because
of limited hand function for using a urine bottlc. Time
for bowel evacuation is reduced in all to approxi-
mately thirty minutes. No malfunctions of prostheses
have been detected.

FUTURE PLLANS—We plan to test, periopcratively
in human subjects, neuroprosthetic techniques devel-
oped at this institution with potential for improving
control of bladdcr and bowcl evacuation. If success-
ful, this will lcad to design and testing of a new im-
proved neuroprosthesis for bladder and bowel control
in SCI patients.
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Electrical stimulation of sacral roots for micturition aftcr spinal
cord injury. Crcascy GH. In: Urologic Clinics of North Amer-
ica. Philadelphia: W.B. Saunders, 1993:20(3):505-15.

[84] ELECTRICAL ACTIVATION OF DIAPHRAGM FOR VENTILATORY ASSIST

J. Thomas Mortimer, PhD
Cleveland VA Medical Center, Cleveland, OH 44106

Management of the neurogenie bowcl in patients with spinal cord
injury. Banwell JG, ct al. In: Urology Clinics of North America.
Philadclphia: W.B. Saunders, 1993:20(3):517-26.

Spinal Cord Injury. Bodner DR, ed. Urology Clinics of North
America. Philadelphia: W.B. Saunders, 1993.

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#B634-2RA)

PURPOSE—The objective of this project is to de-
velop a diaphragm pacing system for clinical applica-
tions. We propose to develop endoscopic methods to
place stimulating electrodes on or in the diaphragm
muscle, using an abdominal approach to access the
diaphragm muscle, and to evaluate the suitability of
the methods and devices for clinical applications.

METHODOLOGY—A mapping electrode, attached
to the diaphragm muscle by vacuum, has been found
to be highly effective in facilitating electrode place-
ment. Video assist technology is under development
to add additional accuracy to determination of the
““ideal’” electrode position. The vacuum attach device
was also constructed to act as the carrier of the
epimysial electrode, permitting the electrode to be at-
tached to the diaphragm muscle by commercially
available staples. The implant procedure for the
epimysial electrode has been found to be very easy
and attractive for clinical implementation.

PROGRESS—We have focused on two electrode
configurations, epimysial and intramuscular. Tech-
niques have been developed to determine the site for
electrode placement. Tools have been developed to
facilitate electrode implant. Electrodes have been im-
planted in or on dog diaphragms for periods of at least
90 days. During the period of implant, pulmonary
tests were conducted on a biweekly basis to measure
the ventilatory efficacy of the device. At the termina-

tion of the chronic implants, tissue was removed for
pathological examination.

RESULTS—Examination of the harvested tissue,
from the vicinity of the epimysial electrode, has
shown a pattern that suggests relative movement be-
tween the contracting muscle and the electrode with
its silicone rubber housing is a continuing source of
cell irritation. Continued cell irritation suggests con-
tinued growth of connective tissue between the muscle
and the electrode that is, at least for now, considered
undesirable. As a result of these experiences, we have
renewed our interest in the intramuscular electrode
because of its better tissue response. The main prob-
lem to overcome with the intramuscular electrode is
placement in the diaphragm without entering the tho-
rax. A tool has been developed and preliminary testing
is underway to evaluate electrode placement with the
device. At this point we still have unresolved prob-
lems with the implant tool and procedure. We will
continue to work with the implant tool to correct prob-
lems for the intramuscular electrode and will be ex-
ploring alternative designs for the epimysial electrode.

IMPLICATIONS—The procedure we are develop-
ing, aside from being minimally invasive, poses very
little, if any, danger to the phrenic nerve. Successful
development will make electrical activation of phrenic
nerves available to a broad range of patients.
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[85] EVALUATION AND OPTIMIZATION OF FES TECHNIQUES FOR EXERCISE

Functional Electrical Stimulation

Roger M. Glaser, PhD; Thomas Mathews, MD; Stephen F. Figoni, PhD; Mary M. Rodgers, PT, PhD;
Agaram G. Suryaprasad, MD; Satyendra C. Gupta, MD; Thomas N. Hangartner, PhD; Steven R. Collins, MS;

Karen A. Levin, BA; Jose W. Almeyda, BS; William P. Couch, BS

Veterans Affairs Medical Center, Dayton, OH 45428; Institute for Rehabilitation Research and Medicine, Wright State University
School of Medicine, Dayton, OF 45435; Rehabilitation Institute of Ohio, Miami Valley Hospital, Dayton, OH 45409

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#B433-2RA)

PURPOSE—The purpose of this continuation pro-
gram is to provide effective functional electrical stim-
ulation (FES) exercise techniques for improving
health, physical fitness, and rehabilitation outcome of
individuals with spinal cord injury (SCI). Objectives
are: 1) to continue evaluation of acute and chronic
physiologic responses (musculoskeletal, acrobic meta-
bolic, and cardiopulmonary) to existing FES exercise
modes, including knee extension (KE), leg cycle
ergometry (LCE), and combined FES-LCE + volun-
tary arm-crank ergometry (HYBRID), as well as to
determine biomechanical characteristics of these ther-
apies to assess potential benefits and risks to persons
with SCI; 2) to modify the design of existing FES
exercise devices to optimize muscular, aerobic meta-
bolic, and cardiopulmonary responses to the various
FES exercise modes, while maintaining user safety;
and 3) to design more progressive FES exercise train-
ing protocols to optimize adaptations of the muscles
utilized and the cardiopulmonary system.

METHODOLOGY-—Groups of subjects with SCI are
administered a series of exercise stress tests to deter-
mine the initial performance (i.e., strength and endur-
ance) of their paralyzed lower-limb muscles for FES,
and their arm muscles, as well as to determine their
peak metabolic and cardiopulmonary responses. Sub-
jects are then assigned to participate in a series of
12-week exercise training programs using the various
FES exercise modes and protocols. They are again
exercise stress tested after each training program to
determine changes in fitness. Modifications to the
FES instrumentation design are tested to optimize the
physiologic responses and enhance training effects.
Biomechanics of each exercise mode is studied to de-
termine the appropriateness of the limb movements
and to evaluate orthopedic risks. A questionnaire is
used to assess changes in medical problems during
participation in FES exercise programs.

PRELIMINARY RESULTS— With respect to im-
proving therapeutic FES technology, we found that
KE exercise performance and LCE exercise perfor-
mance (as indicated by resistive load accomplished
and metabolic and cardiopulmonary responses) can be
markedly improved, in most cases, by increasing the
FES current limit from 150 up to 300 mA. LCE can be
further improved by incorporating the calf muscles.
Thus, we have modified our instrumentation to permit
these operating parameters where appropriate. We
also developed an electronic circuit to permit adjust-
ment of LCE load resistance during pedaling (without
stopping and reprogramming) so that power output
could be progressively increased or decreased in small
increments (e.g., 1.5-3 watt rather than 6 watt) to
optimize exercise session results, and to permit inter-
val training program (ITP) protocols to be used. Fur-
thermore, we obtained custom ROM chips for our leg
cycle ergometers to widen the FES firing angles up to
fourfold. This has resulted in smoother operation, but
more rapid onset of fatigue in untrained subjects. It
appears that combinations of these modifications may
elicit accelerated and greater physiologic training ad-
aptations.

We used a questionnaire and interviews to gain
information on the incidence of medical problems that
occurred previous to and during participation in FES
exercise programs. The demographics of the 19 sub-
jects who responded were: 16 male and 3 female,
mean (+SD) age = 36.6+9.5 yr, 9 paraplegics and 10
quadriplegics, mean time since injury = 10.5+4.8 yr,
time participating in FES exercise = 4.842.6 yr. Previ-
ous to FES participation, reported physician visits
were: 11 for genitourinary problems, 4 for miscella-
neous problems (i.e., cancer, calcium deposits in leg),
3 for neuromuscular problems, 3 for skin problems, 3
for orthopedic problems, and 1 for psychological
problemis. During FES participation, only 5 problems
were reported (i.e., genitourinary, cancer, and arm in-
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jury). Also notable is that 13 of the 19 respondents
reported reductions in medication usage for spasticity,
bowel problems, and antibiotics for urinary tract in-
fections.

FUTURE PLANS/IMPLICATIONS—We are now
conducting a comprehensive FES-LCE training pro-
gram that will compare training effectiveness for the
original LCE and established exercise protocol to the
modified LCE (indicated above) and an ITP protocol.
We will also continue data gathering on medical prob-
lems that occur prior to and during FES participation
in FES exercise programs. Our results thus far suggest
that SCI patients should derive benefits from FES
exercise including increased levels of physical fitness,
reduced incidence of secondary medical complica-
tions, and improved rehabilitation outcome.

RECENT PUBLICATIONS FROM THIS RESEARCH

Arm and leg exercise stress testing in a person with quadriparesis.
Figoni SF, Glaser RM. Clin Kinesiol 1993:47:25-36.

Improving the efficacy of electrical stimulation-induced leg cycle
ergometry: an analysis based on a dynamic musculoskeletal
model. Schutte LM, Rodgers MM, Zajac FE, Glaser RM. IEEE
Trans Rehabil Eng 1993:1:109-25.

Contribution of shank muscle to performance in electrical stimula-
tion-induced leg cycle ergometry (abstract). Rodgers MM,
Schrag DR, Figoni SF, Collins SC, Shively RA, Glaser RM. ]
Biomech 1994:27.626.

Functional neuromuscular stimulation: excrcise conditioning of
spinal cord injured patients. Glaser RM. Int J Sport Med
1994:15:142-8.

Tibial bone density loss in spinal cord injured patients: effects of
fes cxercise. Hangartner TN, Rodgers MM, Glaser RM, Barre
PS. J Rehabil Res Dev 1994:31(1):50-61.

[86] PERINEUM STIMULATION FOR CONTROL OF URGE INCONTINENCE AND

FREQUENCY

James S. Walter, PhD; John S. Wheeler, MD; Victor Scarpine, PhD; Paul Zaszczurynski, BS
Rehabilitation Research and Development Center, VA Hines Hospital, Hines, IL 60141; Loyola Medical Center, Department of Urology

and Physiology, Maywood, IL 60153

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Core Funds)

PURPOSE—The primary objective is to determine if
electrical stimulation, with surface electrodes applied
to the perineum, can significantly reduce urge symp-
toms and incontinence in adults and elderly. The sec-
ondary objectives include: the evaluation and assess-
ment of patient perception of treatment and outcome;
the assessment of long-term effects of treatment with
follow-up; the assessment of whether there are sub-
groups that can be correlated with the outcome based
on characteristics such as patient history, weight, age,
and the determination of the percent of patients who
come under incontinence control during each part of
the study, and to assess other aspects for the feasibil-
ity of a long-term study. These aspects will include:
the adequacy of patient accrual, the patient acceptance
of therapy arms, and the ability to measure inconti-
nence, frequency, and ensuing complications with pre-
cision and accuracy.

METHODOLOGY—Surface stimulation will be
conducted with a small battery powered stimulator
and self-adhering surface electrodes. Stimulation will
be conducted acutely and chronically during home
use. Several features of the stimulator make it suitable
for these clinical trials: it is a small device that can fit
into the patient’s pocket or clip to the belt; it has an
on-off switch for continuous stimulation and a light
source to indicate that the stimulation is on; its fre-
quency and pulse duration are custom set for optimum
stimulation effect with minimum of pain; and it has a
single dial with friction resistance that will allow the
user to easily turn on and off the stimulator but will
limit unwanted changes in the stimulating current.
For home use, the patient will turn the stimulator
on and off and adjust the current to the highest com-
fortable current. Although effectiveness is thought to
be related to higher currents, the strength of the elec-
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trical stimulation will be kept below the level that the
patient indicates an uncomfortable sensation or pain.
As the patient becomes used to the current, he/she
may be able to increase the current. Thus, painful
stimulation will be avoided.

PROGRESS—Patients are beginning to be enrolled.

Functional Electrical Stimulation

FUTURE PLANS—Placement of the stimulating
electrodes over the anal sphincter is being considered.
This location has been reported to have a positive
outcome and it is an area with sensory innervation
from the third sacral nerve, a nerve involved with
bladder function.

[87] REHABILITATION OF URINARY INCONTINENCE USING STIMULATED

MUSCLE FLAPS

John S. Wheeler, MD; Brett Trockman, MD; Jeff Norris, MD; James S. Walter, Ph.D.; Wuying Cai, MD
Rehabilitation Research and Development Center, VA Hines Hospital, Hines, IL 60141; Loyola Medical Center, Depariment of Urology

and Physiology, Maywood, 1L 60153

Sponsor: Depariment of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Core Funds)

PURPOSE—This study will evaluate the effective-
ness of stimulated skeletal muscle flaps in elevating
urethral closure pressure in the dog model. Urethral
ischemia and stricture formation is a known complica-
tion of urethral wrap procedures and these complica-
tions will be evaluated. This project has two overall
purposes: to demonstrate in the dog model the effec-
tiveness and reliability of an electrically stimulated
skeletal muscle flap urethral sphincter for the estab-
lishment of increased urethral and leak point pressure
and to assess whether a skeletal muscle urethral
sphincter composed of two separate and independently
stimulated muscles will provide high urethral closure
pressure suitable for maintaining continence while
minimizing urethral ischemia and stricture formation.
These goals are particularly relevant to the patient
following radical prostatectomy where urinary incon-
tinence can be a problem.

METHODOLOGY—Two groups of male dogs will
be used in this study. Group 1 will be composed of
three dogs that will undergo continuous stimulation of
a single sartorius muscle neosphincter. Group 2 will
be composed of dogs that will undergo alternating
stimulation of two independent and separate sartorius

muscle neosphincters. Alternate stimulation of the two
independent and separate neosphincters will eliminate
continuous pressure on a single segment of urethra
and should decrease the risk of urethral ischemia and
stricture formation. Efficacy of the neosphincters will
be determined with urethral and leak point pressure
measurements and videourodynamic techniques. Ure-
thral stricture formation will be assessed with ure-
thrography and urethral histology.

PROGRESS—The feasibility of stimulated skeletal
muscle flap was evaluated in one dog using a single
muscle wrap around the sphincter. We have developed
recording methods to evaluate the urethral flap.

RESULTS—Stimulation of the skeletal muscle flap
in one dog did not increase urethral pressure. At au-
topsy, necrosis of the skeletal muscle was observed
around the urethra indicating failure of the flap.

FUTURE PLANS—A reevaluation of the methodol-
ogy is being conducted. The mechanics of a muscle
wrap around a small urethra are being evaluated. Suit-
ability of abdominus rectus muscle for the skeletal
muscle flap is under consideration.
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[88] RESTORATION OF MUSCLE ACTIVITY THROUGH FES AND ASSOCIATED

TECHNOLOGY: THE RAFT PROJECT, A CONCERTED ACTION

Antonio Pedotti, PhD

Centro di Bioingegneria, Fondazione Pro Juventute Don Gnocchi IRCCS, Politecnico di Milano, 1-20148 Milano, Italy

Sponsor: Commission of the European Communities

PURPOSE—The concerted action, restoration of
muscle activity through FES and associated technol-
ogy (RAFT), has been approved by the European
Community in the frame of the ongoing program
BIOMED I, aimed at promoting medical research in
the European Community.

This 3-year project started in January 1993, with
the objective of stimulating research into reactivating
paralyzed or poorly controlled muscle function in
order to permit patients with a wide range of disabling
conditions to perform activities of daily living more
effectively. This will in turn lead to an increase in
their independence and reduce the financial burden of
the support upon the various European national social
security arrangements.

RAFT builds on the work completed under the
MORE program by using the valuable network of cen-
ters which are already collaborating effectively in the
areas of FES and paraplegic ambulation, as evidenced
by the six workshops and numerous personnel inter-
change visits made under this program, the publica-
tion of a book, and the identification of three main
objectives as major research topics.

METHODOLOGY—The nerves going to the mus-
cles are made of a mixed population of fibres, includ-
ing motor and sensitive pathways. Given this organi-
zation, the stimulation of a nerve trunk does not allow
good selectivity in terms of reaching the right muscle
and obtaining a reliable modulation of force by re-
cruiting the different motor units. Special investiga-
tions on animals and stimulation modality are required
for that. In order to obtain acceptable movement, it is
also important to adapt the control strategies to the
individual patient. This goal can be obtained a priori
by considering the type and level of the lesion, the
anthropometric, physiological, and anatomical charac-

teristics of each patient in conjunction with the results
of specific tests for spasticity, paresis, and so forth.
From the dynamic point of view, the optimal adapta-
tion can be reached by quantitative analysis of perfor-
mance and by using simulation techniques in order to
choose the best rules for muscle recruitment.

The selection of patients and the definition of a
proper training before and after the implantation is
key to attaining good results. Since the SCI patient
cannot feel sensations of muscular fatigue and since
the composition of fibers (fast and slow) is very often
modified in these patients, it is important to detect the
fatigue in order to avoid the muscle damage by FES.

It is important to provide a multidisciplinary evalu-
ation during the concerted action of all the clinical and
research achievements. This is to be made mostly from
the clinical trials, organized within the European clinical
network in the different SCI centers.

PROGRESS—In order to reach the objectives of the
concerted action, three topical workshops have been
held: in Milano on motor restoration by FES: patient
evaluation and spasticity control, in Montpellier on
neuromuscular electrode interface in implanted FES:
surgical implications, and in Enschede on walking res-
toration by FES: patient evaluation and spasticity con-
trol.

Moreover, in the last meeting a detailed protocol
for clinical surgical and rehabilitation aspects was pre-
sented.

RECENT PUBLICATIONS FROM THIS RESEARCH

Functional electrical stimulation for restoration of movement.
Pedotti A, Ferrarin M, eds. Commission of the European
Communities COMAC BME, Milano. Amsterdam: 10S Press,
1994.
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[89] KINESTHETIC PERCEPTION IN THE HAND AND ARM

Clayton L. Van Doren, PhD

Functional Electrical Stimulation

Department of Orthopedics, Case Western Reserve University, Cleveland, OIf 44106; MetroHealth Medical Center, Cleveland. OH

44109-1998

Sponsor: National Institutes of Health; National Iustitute of Neurological Disorder and Stroke

PURPOSE—The control of normal arm movement
and hand grasp depends on precise integration of sen-
sory information and motor commands. Afferent and
efferent signals, and their normal interactions, are lost
or corrupted as a result of spinal cord injury (SCI),
peripheral neuropathy, and other neuromuscular dis-
eases. Assistive devices such as limb prostheses and
neuroprostheses, and robotic manipulators typically
provide some motor function but little or no tactile or
kinesthetic information. Integration of the sensory in-
formation that is available requires careful attention
and effort by the user. The goal of this project is to
investigate sensorimotor behavior in the hand, and to
develop an integrated model of motor control and kin-
esthetic perception. The model is intended to provide
a better framework for the development of advanced
assistive devices incorporating sensory information
both subconsciously (reflexively) and consciously.

METHODOLOGY—In the past year, three experi-
ments have been completed using different methodol-
ogies, yet arrive at a consistent results. In the first
experiment, subjects matched the effort used to
squeeze either isometric or anisometric (compliant)
loads in two hands. Subjects made symmetric matches
(equal loads in both hands) or asymmetric matches
(one hand anisometric, the other isometric). System-
atic differences in the resulting forces werc made in
the asymmetric conditions. In the second experiment,
subjects made bilateral force halving and doubling
judgments of isometric pinch. In the third experiment,
subjects pinched a pneumatically activated
manipulandum and were instructed to ‘‘not
intervene’’ to applied force perturbations. Changes in
force and finger span were used to calculate the me-
chanical stiffness of pinch as a function of the initial
force at a constant initial span.

PROGRESS—ALII three experiments have been com-
pleted on separate groups of subjects. The perturba-
tion results are only preliminary and the protocol is
being revised for a subsequent and more complete
experiment.

RESULTS—The results from all three experiments
can be explained quantitatively by assuming that the
subjects made all judgments of effort, rather than
force, and that changes in effort are manifested by
shifts in a control variable corresponding to the
threshold of the tonic stretch threshold (lambda). The
final force and span result from the equilibrium be-
tween the external load and the compliance of the
grasp. The common result from both the psychophysi-
cal experiments and the physical measurements of
stiffness is an inferred or measured compliant charac-
teristic where force is an accelerating function of span
with an exponent of 1.5 to 1.8, consistent with previ-
ous measurements at single joints such as the elbow or
ankle.

FUTURE PLANS—AIlthough the different experi-
ments all result in similar estimates of the grasp com-
pliance, it will be necessary to repeat the different
protocols simultaneously on a single group of sub-
jects. Furthermore, the experiments will need to be
repeated under different sets of instructions regarding
judgments of effort versus force or span to determine
the interplay of the motor commands and afferent-
based judgments under a range of tasks.

RECENT PUBLICATIONS FROM THIS RESEARCH

Individual differcnccs in perecived pinch force and bite force. Van
Doren CL. Percept Psychophys. 1993:53(5):483-8.

Cross-modality matches of finger span and line length. Van Doren
CL. Perccpt Psychophys. In press.
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[90] IMPLANTABLE STIMULATION, TELEMETRY, AND TRANSDUCER SYSTEM

FOR NEURAL CONTROL

P. Hunter Peckham, PhD; Mark W. Johnson, PhD

Cleveland FES Center, Cleveland, OH 44106; Cleveland VA Medical Center, Cleveland, OH 44106; Case Western Reserve University,

Cleveland, OH 44106

Sponsor: National Institutes of Health; Paralyzed Veterans of America, Spinal Cord Research Foundation

PURPOSE—The aim of this project was to develop
and evaluate an integrated, implantable, neu-
roprosthetic system to provide electrical stimulation
of paralyzed muscles and sensor information from
joints and muscles. Ongoing VA-sponsored, multicen-
ter, upper-extremity, clinical trials utilize an im-
planted stimulator radio, controlled by an external
computer, to provide quadriplegic individuals with re-
stored grasp and release function. Users control the
system with voluntary movements sensed by an exter-
nally mounted transducer. The implantable stimula-
tor/telemeter (IST) developed in this project extends
the capabilities of the existing Cleveland implantable
stimulator by increasing the number of stimulus chan-
nels available and adding the capability to transmit
externally information about implanted sensors and
device.

The increased number of stimulus channels will
allow improved or additional functions such as: finer
hand control, active extension of the elbow, active
rotation of the forearm, and improved strategies for
providing artificial sensation.

An implantable joint angle transducer (IJAT) was
also developed as an integral component of the im-
plantable system. The IJAT is used to sense move-
ment of joints such as the wrist in C6-level injuries or
the shoulder in C5-level injuries. The IJAT can be
used to provide command control information from a
joint with remaining volitional control, such as the
wrist in persons with C6 tetraplegia or the shoulder in
persons with C5 tetraplegia, or as a feedback control
source to stabilize and control the wrist in persons
with C5 tetraplegia. This will eliminate external ortho-
ses currently used in the hand neuroprosthesis and
provide additional hand function. The implanted stim-
ulator/telemeter and joint angle transducer developed
in this project will eliminate many of the mounting
and usage problems associated with externally
mounted transducers. Status information received
from the implant will help to maximize battery life of
the external control computer and will alert the user if
problems arise in the radio-control link.

METHODOLOGY—The initial prototype ISTs pro-
vide ten channels of stimulation, one joint angle trans-
ducer, and system status information. Miniaturization
of the circuitry was accomplished by utilizing an ap-
plication specific integrated circuit (a custom made
‘‘smart chip’’), and hybrid circuit technology. The
design seals the miniature circuit inside a small tita-
nium box that can be implanted in the body.
Leadwires run down the arm, beneath the skin, to
connect the stimulator/telemeter to an implanted trans-
ducer and electrodes implanted at the muscles. The
implant and chip were designed to accommodate addi-
tional stimulus and transducer channels, as well as the
capability of sensing muscle contractions, to allow
future expansion of the clinical capabilities of the sys-
tem.

PROGRESS—Prototype ISTs and IJATs have been
built, packaged, and tested. Software was developed
for a laboratory computer to control the IST for bench
and animal testing. One complete IST and IJAT sys-
tem have been implanted in the wrist, forelimb, and
shoulder of a dog, and tests are ongoing to establish
its performance prior to implantation in humans. At
this writing, the system had been implanted for seven
weeks, and continued to function properly.

FUTURE PLANS—The IST design is undergoing
some minor mechanical redesign revisions. Upon
completion, additional bench and animal test data will
be collected to accompany an Investigational Device
Exemption (IDE) application to the FDA for begin-
ning human clinical testing.

RECENT PUBLICATIONS FROM THIS RESEARCH
Data transmission from an implantablc biotclemeter by load-shift

keying using circuit configuration modulator. Tang Z, Smith B,
Schild JH, Peckham PH. 1EEE Trans Biomed Eng. In press.
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[91] MANAGEMENT OF URINARY DISORDERS IN SCI

Functional Electrical Stimulation

James S. Walter, PhD; John S. Wheeler, MD; Wuying Cai, MD; Robert B. Dunn, PhD; Lisa Riedy, PhD;

Rohert D. Wurster, PhD

Rehabilitation Research and Development Center, VA Hines Hospital, Hines, IL 60141; Loyola Medical Center, Department of Urology

and Physiology, Maywood, IL 60153

Sponsor: National Institutes of llealth; National Center for Medical Rehabilitation Research

PURPOSE—This project has two overall purposes: to
apply functional electrical stimulation (FES) tech-
niques for bladder voiding and incontinence manage-
ment after spinal cord injury (SCI), and to use new
monitoring capabilities of implantable neuroprosthet-
ics for continuous recording of lower urinary tract
functions. These goals are particularly relevant to the
SCI patient where control over voiding functions is
lost. Moreover, current treatments such as intermittent
catheterization, continuous catheterization, or external
catheterization are not always effective and can have
significant, even life-threatening, side effects such as
autonomic dysreflexia, urinary tract infections, and
upper urinary tract problems.

METHODOLOGY—Direct bladder stimulation was
evaluated before and after SCI in male cats. Animals
have received either an upper motor neuron lesion or
a lower motor neuron lesion. Animals were in-
strumented under anesthesia with five ‘‘suture’’ type
electrodes consisting of multistranded 316LVM stain-
less steel with a needle placed at the electrode tip and
sutured into the serosa of the bladder wall. Four elec-
trodes were implanted anterior to the trigone and on
the dome, and a fifth was placed on the dome. Addi-
tional instrumentation consisted of two suprapubic
bladder catheters for recording bladder pressure and
bladder filling, and a peritoneal balloon for recording
abdominal pressure. EMG recording electrodes were
implanted in the pelvic floor and leg quadriceps.

PROGRESS—The feasibility of direct bladder stimu-
lation has been evaluated in seven male cats. We have
developed suitable tethering procedures and effective
micturition has been shown.

RESULTS—Responses to direct bladder stimulation
were recorded during a 2-week period in tethered ani-
mals before SCI without anesthesia. All of the cats
responded to direct bladder stimulation using a single
3 sec stimulation period, at 40 pps, 1 ms pulse dura-
tion and a stimulating current from 7.5 to 40 mA. The

maximum voiding rates were from 0.5 to 1.5 ml/sec
with complete bladder emptying, particularly after the
first 2 or 3 weeks. Peak detrusor pressures were from
40 to 70 cm H,0. Voiding was obtained without dis-
comfort.

Stimulation also induced voiding after SCI in all
of the animals, particularly after the first 2 or 3 weeks.
Voiding with stimulation was observed after 1 and 3
weeks in two animals. Maximum voiding rates after
SCI were similar to before SCI but the volume voided
was reduced to 4 to 10 ml at peak detrusor pressures
from 40 to 70 cm H,0. Repeated stimulation com-
pletely emptied the bladder in three of the cats. Sim-
ilar responses were seen after upper and lower motor
neuron lesions. Impedance monitoring was effective
for determining bladder volume and EMG was deter-
mined to be a good measure of urethral resistance.

In conclusion, we believe that direct bladder
stimulation offers an alternative method of promoting
voiding following SCI. Potential advantages or new
directions in direct bladder stimulation are that the
pudendal nerve in the pelvic floor may not be directly
stimulated, and that the large surface area ‘‘suture’’
electrode may be an improvement in electrode design.
However, problems related to clinical trials of direct
bladder stimulation include: SCI patients must be con-
tinent and their high urethral resistance must be man-
aged and acute evaluation procedures must be devel-
oped that will show which patients will benefit from
direct bladder stimulation. If these issues can be ad-
dressed, and this is the area of our current research,
direct bladder stimulation may become more widely
available to the SCI patient.

FUTURE PLANS—This project will be completed in
the next 6 months. Plans are to initiate clinical trials
with stimulation for urogenital function and monitor-
ing lower urinary tract function. Acute studies with
percutaneous wires are being proposed to stimulate
the bladder directly for voiding, the pelvic floor for
bladder inhibition, and the cavernosus nerve for man-
agement of sexual function.
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[92] DEVELOPMENT AND DISSEMINATION OF A RESOURCE GUIDE ON
FUNCTIONAL ELECTRICAL STIMULATION (FES) FOR PERSONS WITH SPINAL

CORD DYSFUNCTION

Jeanne O’Malley Teeter, BS, MBA; Denise L. Brown, MS; Lynn Bryant
Case Western Reserve University, Cleveland, OH 44106; Cleveland VA Medical Center, Cleveland, OH 44106; Macro Systems

International

Sponsor: Buckeye Chapter, Paralyzed Veterans of America; Paralyzed Veterans of America, Spinal Cord Injury Education and

Training Foundation

PURPOSE—Functional electrical stimulation (FES)
is a technique that can maximize health and function
in persons with spinal cord injury (SCI) or spinal cord
disease, such as multiple sclerosis (MS), regardless of
agc, race, sex, or length, level, and completeness of
injury. In medically appropriate cases, FES can bc
used for persons with SCI or disease to restore upper
and lowcr extremity mobility, improve respiratory
functions, restore bowel and bladder functions, restore
male sexual function, and to treat and help prevent
secondary complications such as pressure ulcers,
deep-venous thrombosis, contractures, spasticity, de-
conditioning due to lack of exercise, bone demineral-
ization, and muscle atrophy. In some instances, FES
can significantly improvc physical and emotional
health in ways that cannot be achieved by other meth-
ods available today. Persons with SCI or disease need
specialized information about FES to build a knowl-
edge base that permits them to understand, identify,
and pursue appropriate trcatment options to maximize
their independence, function, and health.

METHODOLOGY—The objectives of the project
arc to increase the knowledge base of persons with
SCI or discase on the use of FES, to increase access
for such persons to FES providers, and to incrcase
their ability to make informed decisions regarding thc
appropriateness of FES interventions. To accomplish
the objectives, in cooperation with the National Spinal
Cord Injury Association and ABLEDATA, we will
develop and disseminate to the SCl/disease commu-
nity, a resource guide on FES. The guide will serve as
a ‘‘onc-stop-shop’’ for such persons seeking informa-
tion about FES options.

The tutorial section of the guide will include: 1) a
description of thc purposc of the FES application and

a review of non-FES alternatives to accomplish the
samc objective; 2) a discussion of the status of thc
FES application; 3) criteria outlining who is medically
suitable for the application and any contraindications;
4) the typical cost and time course of the application
and the extent to which insurance typically pays; and
5) a discussion of realistic expectations, including
identification of potential problems. A comprehensive
referral section will include descriptive listings that
profile the availability of FES clinical and applied
research programs, so that individuals and their car-
egivers can identify FES programs that meet their
nceds.

To gather this information, a survey of clinicians
and clinical researchers will be conducted. The guide
will also include a section that provides referenccs to
additional resources in FES for SCI or disease and a
comprehensive index. The guide will be printed in a
spiral bound format for ease of use by persons with
limited dexterity and strength. A baseline and a fol-
low-up survey assessing the project objectives and
usefulness of the guide will be distributed to a repre-
sentative sample of users to determine the extent to
which the objectives of the project have been reached.

PROGRESS—A draft of the tutorial section of the
guide has been completed and will bc reviewed by a
committee of experts in the field. The data collection
survey instrument and the distribution mailing list
have been complcted and the survey will be conducted
at the beginning of 1995.

FUTURE PLANS—The FES resource guide is ex-
pected to be available in the last quarter of 1995.
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[93] FATIGUE AND RECOVERY OF FES-ACTIVATED PARALYZED MUSCLES

Functional Electrical Stimulation

Joseph Mizrahi, DSc; Eli Isakov, MD; Zev Susak, MD; Yohanan Giat, PhD; Menashe Dornay, PhD; Mark Levy, MD, DSc
Julius Silver Institute of Biomedical Sciences, Department of Biomedical Engineering Technion, Israel Institute of Technology, Haifa

32000, Israel; Loewenstein Rehabilitation Hospital, Raanana, Israel

Sponsor: The Segal Foundation; The Walter and Sandra Kaye Fund

PURPOSE—In this work we study the relation be-
tween force, EMG, and metabolic parameters of FES-
activated paralyzed muscles.

METHODOLOGY—The lower limb of a patient
with paraplegia can be analyzed as a dynamically de-
terminate system, since the muscles there are isolated
from voluntary control. Hence, when activated by
functional electrical stimulation (FES), the only non-
zero muscle forces are those of the actually stimulated
muscles. This unique situation allows the calculation
of the muscle force from the externally measured
torques and the correlation of this direct muscle out-
put to parameters of another nature, such as metabolic
or myoelectric.

Force is being measured by especially designed
load cells during either isometric or isotonic muscle
contraction. Metabolic parameters are measured using
P-31 NMR spectroscopy from which information on
phosphocreatine, inorganic phosphor, and intracellular
pH is obtained. EMG is measured using an especially
developed stimulus artifact suppressor. The measure-
ments are taken both during the course of stimulation
and during the recovery process.

A musculo-tendon model for fatigue is developed
and incorporated in the dynamic model of the acti-
vated limb. In parallel, muscle fatigue in FES is being
modeled by artificial neural networks.

RESULTS—The metabolic profiles obtained serve to
incorporate fatigue and recovery functions into the
musculo-tendon model. The model solution allows
prediction of the muscle force under dynamic activa-
tion and at various levels of stimulation. Estimated
muscle parameters have the following values for the
quadriceps musclc: 60—-64 N/cm? for the muscle strcss
and slack length ratio of 0.952, 0.935, 0.920, and
0.901 for 0, 30, 60, and 90° of knee angle, respec-
tively. The results obtained for the EMG-force rela-

tionship indicate the conditions under which surface
EMG can be used to noninvasively monitor the quad-
riceps muscle fatigue during stimulation. Th¢ neural
networks results have shown that by using appropriate
architecture, one can represent information from FES
experiments in recruitment and fatigue by training the
weights of the network.

FUTURE PLANS—Future plans in this work include
further investigation of the relationship betwcen fa-
tigue and the ability of the muscle to recruit. Addition-
ally, the recovery characteristics of the EMG parame-
ters will be studied in comparison to those of the
mechanical/metabolic parameters. The neural net-
works modeling will compare the performance of one-
and two-layer feedforward simulations to learn the
forward dynamics model of the force produced in the
muscle.

RECENT PUBLICATIONS FROM THIS RESEARCH

In vivo P-31 NMR studies of paraplegics muscles activated by
functional eleetrical stimulation. Levy M, Kushnir T, Mizrahi J,
Itzehak Y. Magn Reson Med 1993:29:53-8.

Musculo-tendon model of fatigue profilcs of paralyzed quadriceps
muscle under FES. Giat Y, Mizrahi }, Levy M. IEEE Trans
Biomed Eng 1993:40:664-74.

Stimulus artifact suppressor for EMG rccording during FES by a
constant current stimulator. Minzly Y, Mizrahi J, Hakim N,
Liberson A. Med Biol Eng Comput 1993:31:72-5.

EMG as an indicator of fatigue of isometrically FES-activated
paralyzed muscles. Mizrahi J, Levy M. Ring H. Isakov E. Liber-
son A. |IEEE Trans Rehabil Eng 1994:2:57-65.

Modeling isometric FES muscle fatigue by artificial neural net-
works. Dornay M, Yadid-Pecht O, Mizrahi J, Isakov E, Susak Z.
In: Proceedings of the 24th Annual Meeting of the Society for
Neuroscience, Miami Beach, Florida, November 1994:1205.

Myoelectric and foree characteristics in transcutancous isometric
FES. Mizrahi J, Isakov E, Susak Z. Basic Appl Myol
1994:4:154.
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B. Upper Limb Applications

[94] FUNCTIONAL NEUROMUSCULAR SYSTEMS FOR UPPER EXTREMITY

CONTROL

Patrick E. Crago, PhD; P. Hunter Peckham, PhD; Michael W. Keith, MD; Kevin L. Kilgore, PhD

Cleveland VA Medical Center, Cleveland, OH 44106

Sponsor: Depariment of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#B011-5RA)

PURPOSE—The objective of this project is to deploy
and quantitatively evaluate implantable functional
neuromuscular stimulation systems to restore hand
grasp and release in C5 and C6 quadriplegic patients.

METHODOLOGY—Multichannel implantable stim-
ulator systems are surgically implanted in patients
with C5 and C6 quadriplegia to provide grasp and
release. An implant stimulator is placed in a subcuta-
neous pocket overlying the pectoralis major muscle.
Seven epimysial electrodes are placed on muscles of
the hand to provide motor function, and an eighth is
placed in the supraclavicular area to provide sensory
feedback. Augmentative surgical procedures also may
be performed, including tendon transfers of voluntary
and paralyzed muscles. Postsurgery, subjects are
casted for 3 to 4 weeks and then undergo a period of
muscle conditioning using electrical stimulation. Sub-
sequently, during a 3-week inpatient rehabilitation
stay, grasp patterns and control parameters are custo-
mized, subjects are trained to use the neuroprosthesis,
and their functional ability with and without the de-
vice is evaluated.

A variety of assessments were utilized to measure
impairment, disability, handicap, quality of life and
device utility. Impairment was measured by range of
motion, pinch force, and ability to grasp and release
objects. Disability is measured by ability of the hand
to perform activities of daily living. Handicap was
measured using the Craig Handicap Assessment and
Reporting Technique and Reintegration to Normalized
living Index. Quality of life was measured by Rosen-
berg Self-Esteem scale, and the Mental Health Inven-
tory. Utility was measured by a usage survey, data
logging, and a satisfaction survey. In addition, a set of
system assessments are also performed in order to
evaluate potential deficiencies, including: 1) Static

Recruitment Characteristics, which are the input/out-
put properties of each electrode as a function of stim-
ulus level; 2) Input/Output Properties of Hand Grasp,
which are the overall relationship between the
subject’s command and the force and position of the
digits; and 3) Specific Task Analysis, which combines
simultaneous command/control and task performance
assessment.

PROGRESS—A total of 22 subjects have received
implant stimulators at six cooperating sites, and the
multicenter clinical trial has been transferred to indus-
try. In Cleveland, 9 subjects have received implant
stimulators (6 males, 3 females; 4 C5 subjects, 5 C6
subjects), and an additional 3 subjects are scheduled
for surgery in early 1995. Seven subjects have com-
pleted the majority of the training and functional eval-
uations (GRT, ADL Test, Telephone Interview), as
well as the system assessment evaluations. The 2 re-
maining subjects are currently undergoing the postop-
erative protocols.

RESULTS— Briefly, patients generate lateral and
palmar pinch strengths in the range of 2.5-30 New-
tons. In a six-task grasp and release test, patients can
typically manipulate two or three objects with their
tenodesis grasp alone, and can manipulate five or six
objects with the neuroprosthesis. The number of com-
pletions in a given time is always higher with neu-
roprosthesis for the larger and heavier objects. Pa-
tients demonstrate the ability to perform activities of
daily living with less assistance with the neu-
roprosthesis than without it. This includes the reduc-
tion or removal of physical assistance, the removal of
adaptive equipment, and/or the reduction in the need
for self assistance (such as using the mouth to manip-
ulate a utensil). Patients consistently indicate a prefer-
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ence for using the neuroprosthesis for a variety of
tasks. Patient surveys indicate consistent use of the
neuroprosthesis at home, with eating and office tasks
being the most frequently performed with the neu-
roprosthesis. Patients generally indicate a high level
of satisfaction with the neuroprosthesis. Preliminary
results indicate that the neuroprosthesis reduces im-
pairment and disability, and that the device shows
good usage and satisfaction. We expect that the neu-
roprosthesis will reduce handicap and improve quality
of life.

FUTURE PLANS—Human studies for the hand neu-
roprosthesis will continue through 1995. In addition,
animal studies for an advanced neuroprosthesis, incor-
porating an implanted joint angle sensor and telemetry
capabilities, will continue through 1995, with human
studies to follow in 1996.

[95] THIN-FILM PERIPHERAL NERVE ELECTRODE

Functional Electrical Stimulation

RECENT PUBLICATIONS FROM THIS RESEARCH

Analysis of the reliability of percutaneous intramuscular elec-
trodes in upper extremity FNS applications. Memberg WD,
Peckham PH, Thrope GB, Keith MW, Kicher TP. 1EEE Trans
Rehab Eng 1993:1:126-32.

Restoration of functional grasp-release in tetraplegia with implant-
able ncuromuscular stimulation and tendon transfer. Peckham
PH, Keith MW, Stroh KC, Kilgore KL, Hart RL. Electrophysiol
Kinesiology 1993:5:269-74.

Development of a quantitative hand grasp and release test for
patients with tetraplegia using a hand neuroprosthesis. Wuolle
KS, Van Doren CL, Thrope GB, Keith MW, Pcckham PH. J
Hand Surg 1994:19A:209-18.

Instrumented assessment of FNS hand control during specific ma-
nipulation tasks. Burelbach JC, Crago PE. 1EEE Trans Rechab
Eng 1994:2:165-76.

Surgically-implanted intramuscular electrode for an implantablc
neuromuscular stimulation system. Memberg WD, Peckham PH,
Keith MW. [EEE Trans Rehab Eng 1994:2:80-91.
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Charles Robinson, PhD; Paul Zaszczurynski

EIC Laboratories, Norwood, MA 02062; Rehabilitation Research and Development Center, VA Hines Hospital, Hines, 11. 60141

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Core Funds)

PURPOSE—Complex hand movements might be ob-
tained with direct median nerve stimulation through
an implanted multielectrode nerve cuff. The direct
nerve stimulation should induce repeatable hand re-
sponses and result in no injury to the nerve. The elec-
trode is comprised of a multielectrode circumneural
cuff interfaced to a multichannel implantable stimula-
tor and associated control algorithms.

METHODOLOGY—Electrodes are being fabricated
by vacuum depositing Pt-Ir films on thin sheets of
fluorocarbon polymer and photolithographic pattern-
ing and etching to form the leads and charge injection
sites. The patterned substrate is then selectively cov-
ered with a second polymer layer. Four charge injec-
tion sites in a ‘‘round about’’ geometry, similar to that
being investigated for phrenic nerve stimulation, are
being evaluated.

In preparation for studies with the new nerve cuff
electrodes, it became apparent to us that we needed

more experience with electromyographic (EMG) re-
cording from the forearm muscles as well as experi-
ence with recording the torque responses of different
hand movements. Therefore, we requested and re-
ceived authorization from our Institutional Animal
Review Committee, to conduct one-day studies in the
raccoon under anesthesia. The studies used sterile per-
cutaneous electrodes for stimulation and recording.
Electrode wires were inserted with a small 27G nee-
dle.

PROGRESS—Four raccoons have been evaluated
with the percutaneous method on 8 different days and
we have established our stimulation and recording
techniques. The animals have recovered without ad-
verse responses.

RESULTS—Electromyographic recording techniques
have been established to show selective stimulation of
muscles. Bipolar stimulation and recording electrodes
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were inserted in the muscle pronator teres. Recording
the EMG to stimulation revealed a stimulation artifact
and an ‘‘M’’ wave of approximately 40 s in duration.
The EMG record was electronically modified to sup-
press the artifact and to record the full-wave rectified
voltage. This value was suitable for recording on a
strip chart recorder as a measure of muscle contractile
activity. Chart recordings from the pronator teres
showed increasing responses to increasing stimulating
currents; whereas, other muscles such as flexor
digitorum superficialis did not have an EMG response
to pronator teres stimulation.

A torque recording platform constructed in our
model shop held the raccoon arm and allowed free
digit movement. The paw was clamped to allow for

only a single movement such as wrist flexion, wrist
pronation, or phalanges flexion. Torques were re-
corded in response to direct muscle stimulation with
the percutaneous electrodes. Pronator teres stimulation
resulted in pronation of the hand. Flexor digitorum
profundus had a more general response with hand pro-
nation, flexion, and phalanges flexion. Thus, torque
measures are less specific for individual muscles than
the EMG recordings.

FUTURE PLANS—The multielectrode cuffs will be
evaluated on the median nerve using techniques devel-
oped during our current percutaneous procedures.
Acute studies will be followed by chronic studies with
an implantable stimulator.

[96] MECHANICAL EFFECTS OF MUSCLE TENDON TRANSFER AND FUNCTIONAL

NEUROMUSCULAR STIMULATION

Robert F. Kirsch, PhD; Patrick E. Crago, PhD; Michael W. Keith

Rehabilitation Engineering Center, MetroHealth Medical Center, Cleveland, OH 44109

Sponsor: The Whitaker Foundation

PURPOSE—Tendon transfer surgery is often per-
formed in individuals with C6-C7 quadriplegia to re-
store voluntary control over elbow extension, wrist
extension, and thumb pinch (key grip), and can be
combined with functional neuromuscular stimulation
(FNS) to restore hand function in individuals with C5
quadriplegia. The general objectives of this study are
to quantify the ability of these procedures to restore
the intended function, to assess the mechanical and
neural impact of these surgical reconstructions on the
other movement functions of the upper extremity, and
to evaluate the role of FNS in complementing such
surgical procedures. In particular, the effects of trans-
fer surgeries to restore voluntary control over elbow
extension, wrist extension, and thumb pinch on the
more proximal joints of the limb (elbow and shoulder)
will be examined during both posture and movement,
both at the single joint and whole-arm level.

METHODOLOGY—The ability of individuals with
spinal cord injury and subsequent tendon transfer sur-
gery to perform arm movements both alone and in
conjunction with the performance of a restored hand
function, will be examined using a specialized robotic

manipulator that has been developed for the study of
arm movements. It can resist movements in a con-
trolled manner and can be used to impose small forces
to the end of the limb during posture and movement.
The ability of these subjects to lcarn to use the donor
muscle in its new function will be quantified both in
terms of forces generated and by electrical activity in
the donor during execution of the restored task. In
particular, however, the adaptation of the other mus-
cles of the limb to compensate for the new function of
the donor will be assessed both by recording electrical
activity during execution of the restored function and
by characterizing the mechanical properties of the
arm.

Mechanics will be characterized by imposing
small force perturbations onto the end of thc limb,
measuring the resulting movements, and using system
identification analysis procedures to estimate the end-
point impedance of thc arm, which is important both
functionally and as an indicator of the overall mechan-
ical state of the limb. Analysis techniques have been
developed for characterizing endpoint impedance both
during posture and during movement; these will be
used here to quantify the mechanics of the limb for a



89

range of different tasks, different external loads, and
different subject populations. In particular, however,
the effects of a restored hand function (i.e., thumb
pinch) on the neural and mechanical properties of the
rest of the limb will be examined. Nondisabled sub-
jects and SCI subjects with tendon transfer for restora-
tion of wrist extension and elbow extension will also
be studied, for a range of tasks and external loads.

C. Lower Limb Applications

Functional Electrical Stimulation

PROGRESS—Software for data analysis and system
identification has been developed. The robotic manip-
ulator has been assembled and debugged. Control soft-
ware for the robotic manipulator is nearly finished,
and initial experiments will begin when the software
is complete.

[97]1 RESTORATION OF STANDING PIVOT TRANSFER FOR QUADRIPLEGIC

PATIENTS USING A TOTALLY IMPLANTED FNS SYSTEM

Ronald J. Triolo, PhD; E. Byron Marsolais, MD, PhD
VA Medical Center, Cleveland, OH 44106

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#B743-RA)

PURPOSE—This project is designed to investigate
the use and effectiveness of an implanted eight-
channel functional neuromuscular stimulation (FNS)
system to provide or facilitate the ability to perform a
standing pivot transfer to individuals with incomplete
spinal cord injuries (SCI) at low-cervical levels. An
FNS-assisted standing transfer system may decrease
the need for heavy lifting on the part of family mem-
bers or personal assistants, thereby reducing the bur-
den of care and risk of back injury. In nursing homes
and institutions, persons with quadriplegia outnumber
those with paraplegia and depend on health care pro-
fessionals for their transfers and physical mobility.
FNS addresses the motor deficits that contribute to
this dependency and may postpone or eliminate the
need for institutionalization.

METHODOLOGY—Temporary systems consisting
of up to 12 percutaneous intramuscular electrodes are
implanted in the hip, knee, and trunk extensors. The
percutaneous systems are primarily for exercise and
training in the operation of thc custom stimulation
devices. Subjects begin immediately with a program
of exercise with FNS. When sufficient levels of
strength and endurance are achieved, functional stim-

ulation patterns are developed and standing activities
are attempted. Each subject participates in up to three
one-on-one training/exercise sessions per week to re-
fine the standing transfer maneuver and reduce the
number of electrodes required. The temporary systems
are then replaced by more permanent electrodes with
removable percutaneous leads that mate with an exter-
nal stimulator/controller for initial trials in the home
or community.

Once an optimal and stable eight-channel system
has been identified that provides safe and reliable
standing transfers, an in-line connector allows the per-
cutaneous portion to be replaced by an implanted re-
ceiver/stimulator. All procedures, including introduc-
tion of the implantable receiver/stimulator, are
performed on an out-patient basis. Follow-up by self
report and regularly scheduled visits to the laboratory
continue after discharge with the implanted system.

PROGRESS—To date, four volunteers with incom-
plete tetraplegia have participated in the study. All
have been provided with FNS systems for exercise or
functional use outside of the laboratory. The first
three subjects wcre able to stand with FNS and have
demonstrated the ability to perform a pivot transfer
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with minimal stand-by assistance. The fourth is in the
initial stages of implantation and exercise.

The first subject has completed the course of test-
ing and training and has received the implanted re-
ceiver/stimulator. The following two subjects are in
the process of having their percutateous systems re-
placed with more permanent electrodes in preparation
for conversion to the implanted system.

Alternative command inputs have been devised to
provide users with limited manual dexterity with the
ability to operate the system independently. A porta-
ble folding walker that can be opened and closed with-
out assistance has also been designed for use with the
system.

PRELIMINARY RESULTS—No technical prob-
lems have been encountered with the implant re-
ceiver/stimulator; one electrode exhibited altered re-
cruitment properties that did not adversely affcct the
performance of the standing transfer. Users generally
require assistance with donning/doffing the system.
Although several subjects are able to exercise and
stand independently, most rely on others to activate
the stimulator and provide stand-by assistance. This

(98] FUNCTIONAL PARAPLEGIC WALKING WITH ELECTRICAL STIMULATION

E. Byron Marsolais, MD, PhD; Rudi Kobetic, MS
VA Medical Center, Cleveland, OH 44106

suggests that the system may be better suited for facil-
itating an assisted transfer in this population. Few
subjects appear able to assume or maintain a stable
upright “‘C’’ posture due to activation of the rectus
fcmoris. This does not seem to compromise the ability
to transfer, although it may affect the stability and
independence of the maneuver.

FUTURE PLANS—Conversion to implantable sys-
tems for the two more experienced volunteers will
continue, with implantation of the receiver/stimulator
to follow shortly thereafter. For the most recent sub-
ject, exercise and initial standing/transfer training is
scheduled to be completed within the next 6 months.
Plans are currently being formulated to review of the
technology and implemcntation/evaluation procedures
in preparation for transfer to a clinical setting for
larger scale trials.

RECENT PUBLICATIONS FROM THIS RESEARCH

Augmeniation of transfers for a quadriplegic patient using an im-
planted FNS sysiem. Case report. Marsolais EB, Scheiner A,
Miller PC, Kobetic MS, Daly JJ. Paraplegia 1994:32:573-9.

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#B681-RA)

PURPOSE—The purpose of this research is to de-
velop a practical functional electrical stimulation sys-
tem (FES) for walking in paraplegia. This includes
development of electrodes and surgical techniques to
implant them, hardware and software to deliver clec-
trical pulses, stimulation patterns of coordinated se-
quences of electrical pulses for control of trunk, hips,
knees, and ankles.

METHODOLOGY—Percutaneous double helix in-
tramuscular electrodes are implanted in volunteers
with paraplegia in all major musclcs of trunk and
lower extremities. Soft tissue endoscopic techniques
are being developed to implant either intramuscular or
ncrve cuff electrodes for stimulation of iliopsoas, glu-
teal, and hamstring muscles under direct vision to im-

prove reliability and precision of the placemcnt. The
muscles are conditioned with electrical exercises and
programmed for movements. Available clinical mus-
cle and gait evaluation techniques are being adapted to
individuals with paraplegia. When sufficient functions
are achieved, kinematic, kinetic, and metabolic energy
evaluations are performed and movcments are inte-
grated into activities of daily living.

Using endoscopy, an opcrating space was crcated
in soft tissue. This allowed implantation of a modified
intramuscular electrode with a loop for fixation at the
nerve or of the Huntington cuff electrode. This tech-
nique has the potential to eliminate elcctrode failures
due to imprecise placement or movement after im-
plantation. Application of endoscopy will allow re-
cruitment of the iliopsoas in isolation and eliminate
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problems with current implantation technique that ac-
tivates, in addition, adductor longus, a muscle that
causes an extension moment at large hip flexion an-
gles and thereby limits the hip flexion movement in
implanted persons with paraplegia.

Thirteen basic rules were found useful in tuning
template stimulation patterns to individual needs.
Muscle fatigue was found to affect the strength and
timing of joint movements during walking. Timing of
hip extensor activation and forward lean were found
to be the most critical for progression. At least 16-
channels of stimulation were needed for reasonable
stability for walking with a walker.

PROGRESS—AII subjects were implanted with dou-
ble helix percutaneous intramuscular electrodes. Soft
tissue endoscopic techniques and tools were devel-
oped and tested. Muscle strength with FES in paraple-
gia was quantified. Stimulation patterns for walking
with rules for tailoring them to individuals have been
generated. and the resulting paraplegic gait was quan-
tified with a video-based motion analysis system.

RESULTS—A total of 25 subjects with paraplegia
have been implanted. All but two, who did not achieve
sufficient quadriceps strength, were able to stand. Fif-
teen were able to walk or make a few steps and eight
were able to climb stairs.

A subject who used his FES walking system daily
showed the most symmetric gait and the least variabil-
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ity between days in stride and step length. His physio-
logic cost index was also the lowest.

FUTURE PLANS—We plan to further develop the
endoscopic technique and tools to improve electrode
implantation and fixation at the motor point. Guide-
lines for modifying stimulation patterns will be im-
plemented on a PC in a user friendly software for use
by clinicians. The percutaneous FES system will be
replaced with a radio frequency-driven, multichannel
implant for clinical trials of the walking system in
paraplegia. Electrically driven movements will be fur-
ther integrated into activities of daily living.

RECENT PUBLICATIONS FROM THIS RESEARCH

Advaneing step by step. Kobetic R. IEEE Spcetrum, October
1994:27-31.

Endoscopic eleetrode implantation for enhanecd stimulation of the
hamstring branehes of the sciatic nerve. Osman SG, Marsolais
EB. Arthroscopy 1994:10(3):270-4.
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funectional clectrieal stimulation. Seheiner A. Polando G,
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Funetion and strength of eleetrically stimulated hip flexor museles
in paraplegia. Kobetie R, Marsolats EB, Miller PC. IEEE Trans
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[99] RESTORATION OF SIT-TO-STAND FUNCTION IN ELDERLY PATIENTS
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#E698-RA )

PURPOSE—The objective of this project is to test
the hypothesis that functional neural stimulation
(FNS) can restore sit-to-stand transfer capability for
the geriatric patient. Many geriatric patients would be
able to remain at home if they were able to perform
the sit-to-stand transfer independently or with minimal
assistance. Quantification of the efficacy of rehabilita-
tion techniques will provide needed rationale and jus-
tification for treatment procedures.

METHODOLOGY—For baseline purposes five non-
disabled elderly subjects were tested; their sit-to-stand
transfer was characterized using video records, force
plate data, and EMG data. In the second phase of the
study, nine subjects were provided with one of two
treatment protocols for transfer dysfunction, either trans-
fer training and exercise for strengthening and coordina-
tion, or surface FNS for exercise/coordination training in
addition to the treatment provided the first group.
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RESULTS—We have determined the pattern of mus-
cle activity during sit-to-stand for five nondisabled
elderly subjects. Five muscles were monitored: glu-
teus maximus, hamstrings, quadriceps, gastrocne-
mius/soleus, and anterior tibialis. Muscle on/off times
were calculated in reference to each of the following
five biomechanical events: initial body movement,
seat-off, hands off, acceleration/deceleration change,
and final knee extension. ANOVA was used to deter-
mine extent of universality of muscle on/off times
across these five normal elderly subjects. A neuro-
muscular control model for sit-to-stand has been de-
rived from this data.

A sit-to-stand rating scale has been created, vali-
dated, and tested for inter-rater reliability (r=0.99).
This scale will be used for evaluation of changes in
transfer capability for the patients treated in the study;
in addition, the scale is suitable for clinical use.

Four subjects received conventional rehabilita-
tion only. Preliminary data analysis indicates that two
of four subjects improved in the sit-to-stand transfer.
A video of functional outcome for each subject was
made and will be subjected to analysis according to
the sit-to-stand scale developed for this study. Five
subjects received surface FNS exercise and coordina-
tion training. Preliminary analysis indicates that three
of the five improved in the sit-to-stand transfer. Data
will be analyzed as described for the first group.

[100] RESTORATION OF GAIT FOR THE STROKE PATIENT

IMPLICATIONS—Prior to entry into the study, all
nine of the subjects had completed a 3-month (or
longer) rehabilitation program, and all nine of the sub-
jects had experienced a period (3 months or more) of
either decline in transfer capability or no change in
transfer capability. Five of the nine subjects in both
groups improved in their transfer capability after the
research treatment protocol. This finding is clinically
significant because of two implications. First, it is
possible that geriatric patients can benefit from peri-
odic rehabilitation programs and that functional de-
cline in transfer capability 1s not solely a result of age
or disease, but also a result of a suboptimal activity
level. Second, it is possible that in order to obtain
improvements in transfer capability, the rehabilitation
program must address in a specific way the compo-
nents of movement inherent in the transfer maneuver.

RECENT PUBLICATIONS FROM THIS RESEARCH

Coordination of the sit-to-stand transfer for older individuals.
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of Aging and the Aged Conference, Case Western Reserve Uni-
versity, October 1994.

EMG and biomechanics of the sit-to-stand transfcr for older indi-
viduals. Daly, Jacobs J, Jacger RJ. Rosenberg J, Marsolais EB.
In: Procecdings of Neural Prostheses: Motor Systems IV Con-
fercnce, Engineering Foundation, July 1994.
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PURPOSE—We are testing a new multichannel, im-
planted functional neuromuscular stimulation (FNS)
system for stroke rehabilitation. We are comparing
conventional physical therapy treatment with FNS
treatment using implanted electrodes.

METHODOLOGY—Six chronic (1 year or more
post stroke) stroke subjects will be studied, each sub-
ject serving as his own control. Phase A is a baseline
period of no treatment. The three treatments will be:
Phase B, conventional neurorehabilitation for motor

retraining; Phase C, FNS exercise/FNS gait training;
Phase D, provision of totally implanted FNS orthotic
system (optional, according to subject request and re-
sults of previous treatments), and monitoring of carry-
over effects post FNS treatment for those subjects not
receiving the implanted FNS orthotic device.
Outcome measures are classified into three tiers
of physical function of increasing difficulty. The first
tier is voluntary movement at a single joint with the
body in a static position. The second tier is voluntary
motor control during walking. The third tier is func-



93

tional capability at home and work. EMG, kinematic
data, kinetic data, gait description data, manual mus-
cle test, coordination, balance, and functional capabil-
ity data will be collected.

PRELIMINARY RESULTS-—Four subjects have
been admitted into the study. All four have completed
conventional physical therapy treatment and have had
three to five intramuscular electrodes implanted in thc
involved lower extremity. Preliminary analysis indi-
cates that following conventional physical therapy:
two subjects improved in either walking speed or mus-
cle strength; and two subjects showed no change in
either gait parameters or muscle strength following
conventional rehabilitation. Following FNS treatment
intervention using implanted electrodes, one subject
demonstrated improved stance knee control, improved
stance weight shift, and improved swing phase limb
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flexion. Sufficient data on three subjects is not yet
available.

IMPLICATIONS—Results of this study have the po-
tential to provide the following clinically applicable
information: the efficacy of FNS exercise/gait training
as compared with conventional neurorehabilitation
techniques and as compared with no treatment; the
suitability of an array of FNS stimulator subject com-
mand controls for use during rehabilitation procedures
and home use; and the preliminary predictive criteria
established regarding suitability of stroke patients for
the implanted FNS orthotic system.

RECENT PUBLICATIONS FROM THIS RESEARCH

Efficacy of physical therapy treatment for two paticnts more than
one year post stroke. Hull JJ, Daly, Jacobs J, Ruff RL. In:
Proceedings of thc Applied Neural Control Rescarch Confer-
cncc, Case Western Reserve University, May 1994.
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Howard J. Chizeck, ScD; Avram Scheiner, PhD; Donald C. Ferencz, MS; Margaret Skelly, BS
Svstems, Control & Industrial and Biomedical Engineering, Case Western Reserve University, Cleveland, OH 44106-7070; Cleveland
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PURPOSE—The purpose of this research is to de-
velop and evaluate improved methods of neuromuscu-
lar stimulation (FNS) for locomotion in subjects with
completc paraplegia. The goal of this improvement is
to make possible the use of FNS systems outside of
the laboratory by compensating automatically for per-
turbations such as changing surfaces, disturbances,
and internal changes (such as muscle fatiguc). By re-
ducing the time currently required by technical staff to
maintain the FNS system, the practicality and clinical
acceptance of these systems will be greatly enhanced.

METHODOLOGY-—Work on this project has fo-
cused on several technical objectives. First, a com-
puter biomechanical simulation of both normal and
paraplegic human gait with 23 degrees-of-freedom has
been developed; this model is driven with
biomechanical data from laboratory experiments and

simulates the complete gait cycle, including foot-floor
contact. The results of this study showed that stable,
repeatable gait is possible for FES-induced gait in
persons with paraplegia (at 0.2 m/s) with limited
ranges of muscle torques; in addition, the resulting
joint angle trajectories follow closely with measured
quantities. This model is being extended to simulate
stair climbing and descent.

PROGRESS—A system to evaluate the phase of gait
and detect anomalies in walking on-line has been dc-
veloped. Using data obtained from joint angle goni-
ometers, and using fuzzy logic rules derived from
clinical observations of gait phase, every phase of gait
for walking paraplegic subject has been estimated,
with only a small (but varying) time delay. Rules to
detcct several anomalies during walking have also
been developed and tested; these include both
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“‘internal’’ system changes, as well as external (envi-
ronmental) effects on the walking. These rules use
processed signals from analog sensors (joint angle go-
ntometers, solid-state accelerometers, and force-
sensitive resistors). To date, two anomalies during
FES gait have been successfully detected using sensor
measurements: toe drag during the swing phase of
gait, and the presence of walking on a 10° inclined
slope. Similar rules are currently being developed to
provide corrections to the electrical stimulation pat-
terns to compensate for these disturbances.

Hardware and software for a microprocessor-
based stimulation parameter controller have been de-
veloped. This unit is based upon a Pentium PC, which
acquires and processes up to 64 channels of analog
signals, and communicates with the existing portable
microprocessor-controlled 48-channel external stimu-
lator, using a high-speed digital interface. Software
for gait event and anomaly detection operates in real

time to adjust the stimulation patterns and other stim-
ulation parameters on-line during walking.

FUTURE PLLANS—Within the next year, we antici-
pate performing experiments to test and validate stim-
ulation adjustment rules based upon observed gait
anomalies. These rules will also be validated on the
computer simulation of gait. A portable version of the
computer hardware/software system will be developed
to allow for experimentation and development of cor-
rection rules in conditions outside of the laboratory.
Finally, the rule base for detection of anomalies and
adjustment of stimulation patterns will be expanded to
include additional deficits of paraplegic gait.

RECENT PUBLICATIONS FROM THIS RESEARCH
Fuzzy vs. non-fuzzy rule base for gail event detection. Ng SK,

Chizeck HJ. In: Proceedings of the Annual Conference IEEE
EMBS, Oclober 1994.

[102] RELATIONSHIP IDENTIFICATION BETWEEN ELECTRICAL STIMULUS AND

MUSCLE TORQUE FOR FES OPTIMIZATION IN PARAPLEGIC PATIENTS

Maurizio Ferrarin, PhD; Baglioni Pietro, Dr Eng; Alessandra Mingrino, Dr Eng; Antonio Pedotti, PhD
Centro di Bioingegneria, Fondazione Pro Juventute Don Gnocchi IRCCS, Politecnico di Milano, 1-20148 Milano, ltaly

Sponsor: ltalian Ministry for University and Scientific Research; Italian National Research Council

PURPOSE—This study aims at determining the rela-
tionship between the electrical stimulus parameters
applied to quadriceps muscle through surface elec-
trodes and the torque at the knee joint generated by
stimulated muscles. Our ultimate goal is to develop a
general tool for the optimization of stimulation pattern
in walking restoration of paraplegics with functional
electrical stimulation (FES).

METHODOLOGY—A mathematical model of the
knee joint, has been developed in terms of linear vis-
cosity and an exponential elasticity. The unknown pa-
rameters (visco-elastic properties) have been esti-
mated from kinematic data (captured with an ELITE
system) acquired during passive pendular motion of
the leg and using optimization procedure. Using these
estimated parameters and the kinematic data acquired
during knee movement due to transcutaneous electri-
cal stimulation of quadriceps, the net torque generated

by stimulated muscles has been computed. Repeating
this procedure with different stimulation parameters
(frequency, impulse duration, and their modulation), a
nonlinear relationship between torques and these pa-
rameters has been estimated. The stimulating device is
an eight-channel programmable system linked to a
personal computer on which all controlling software
has been implemented.

RESULTS—Experiments on five nondisabled sub-
jects have been performed in order to test both the
expertmental and the analytical procedure. Elastic
property of muscles seems to be better expressed by
an exponential function than by a linear one, the latter
being better for muscle viscosity. A single-pole trans-
fer function with frequency-depending gain can well
identify the relationship between torque produced by
electrical stimulation and stimulus duration. A differ-
ence in pole values has been found between contrac-
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tion (increasing stimulus) and relaxation (decreasing
stimulus) phases as well as between ramp and step
stimulation pattern.

Trials performed on paraplegic patients showed
that both passive (elastic component) and active (pole
values) behaviors of paralyzed muscles are different if
compared with sound muscles.

FUTURE PLANS—Trials with electrical stimulation
of muscle induced to track a set of previously ana-
lyzed voluntary movements will be performed, using
the inverse of the transfer function between current
and torques. The next step will be the development of
closed loop system to control knee movement using
artificial sensors for angular displacement detection.
The final goal is to use the same approach for all
muscles stimulated by a future multichannel im-

[103] PARAPLEGIC WALKING MADE PRACTICAL WITH FNS AND ORTHOSES

E. Byron Marsolais, MD, PhD
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planted system, and to combine these models with a
comprehensive simulation model of human walking,
in order to have a general tool for stimulation pattern
optimization and control strategy development.

RECENT PUBLICATIONS FROM THIS RESEARCH
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Sponsor: National Institute of Child Health and Human Development, the National Institute of Neurological Disorders and Stroke,

the National Institutes of Health

PURPOSE—The purpose of this research is to deter-
mine whether the combination of eight channels of
implanted functional neural stimulation (FNS) and a
proposed functionally activated trunk-hip-knee-ankle-
foot orthosis can result in a practical mobility aid for
use in the complete paraplegic individual.

METHODOLOGY—The methodology employs the
combination of the existing Case Western Reserve
University (CWRU) 8-channel, radio frequency con-
trolled and powered, implantable stimulator with a
to-be-designed programmable orthosis. CWRU has
demonstrated the capability of generation of strong,
fatigue resistant, reproducible muscle forces in both
upper and lower extremities using the implantable
FNS. This will be combined with expertise in electro-
mechanical brace design from CWRU, Henry Ford
Hospital of Detroit, and New York University.

Six complete paraplegic individuals will be im-
planted, first with percutaneous systems and then with
the RF powered and controlled implants. The use of
FNS and an orthosis, the combination referred to as a
hybrid orthosis, will be assessed. Training and condi-

tioning will take place in the Motion Studies Labora-
tory. Prototype orthoses will be constructed to test
locking mechanism/stimulator interface and control
schemes, along with appearance and functional ability
while in use.

PROGRESS—Two subjects have been fitted with tra-
ditional reciprocating gait orthoses (RGO) and have
multiple electrode percutaneous electrode systems in
place. Development of open loop control strategies for
the combination RGO and FNS is progressing. Walk-
ing speeds of 0.5 m/s have been sustained for 320 m.
Both walker and crutch-assisted walking have been
demonstrated.

FUTURE PLANS—The primary focus of this work is
to provide sufficient control to the existing FNS capa-
bility to allow meaningful functions as crutch walking
and stair climbing. This will be done in a manner
acceptable to the patient and society from the aspects
of functions provided, reliability, safety, ease of use,
appearance and cost.
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PURPOSE—The purpose of this study is to apply
surface FES on patients with paralyzed muscles for
the activation of their paralyzed limbs. The population
of patients includes paraplegics and children suffering
from cerebral palsy (CP). In the paraplegic population
whenever it is indicated, supported standing and walk-
ing are aimed. In the CP populations, the feasibility of
FES for muscle strengthening and for control of spas-
ticity is examined. Proper evaluation techniques are
developed.

METHODOLOGY—A micro-processor controlled
six-channel stimulation device with surface electrodes
has been developed. This stimulator is fully program-
mable and can be operated in either one of the two
following control modes: local or remote (hosted by a
PC). An instrumented walker was designed to serve as
a support. The patients are evaluated clinically,
biomechanically, myoelectrically and physiologically,
to monitor performance and to optimize stimulation.
CP children are also video-taped prior to and follow-
ing 4 weeks and 3 months of home treatment.

RESULTS—Over 25 paraplegics have so far been
treated and evaluated. Eight of these patients were
exercised while seated only. The remaining 17 pa-
tients were able to stand up, of whom 12 achieved
reciprocal gait as well: 1 with forearm crutches, 5
with a walker, and 6 between parallel bars. One 24-

month-old diplegic CP child was treated with gradual
increments of both stimulation intensity and treatment
period. The less functional limb was subject to treat-
ment, while the other was used as a control. The re-
sults obtained, though not conclusive, indicate a de-
veloping asymmetry between the legs with increased
spasticity in the treated leg.

FUTURE PLANS—It is planned to continue to de-
velop evaluation methods and apparatus and to im-
prove the stimulator device for implementation on
more patients.

RECENT PUBLICATIONS FROM THIS RESEARCH
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PURPOSE—The sense of balance declines with age
due to combined vestibular, proprioceptive, and visual
losses, resulting in impaired mobility and increased
risk of injurious falls. We are developing a wearable
accelerometric instrument to record movements out-
side the laboratory, identify motion patterns that ac-
company loss of balance before a fall occurs, warn the
individual of pre-fall behavior, and signal that the
wearer has fallen. We anticipate clinical use of
accelerometric instrumentation to occur, first, as a di-
agnostic tool to quantify hitherto qualitative measures
of balance; second, as a biofeedback device during
therapy; and third, as a fall-prevention aid, a balance
orthosis for fall-prone elderly individuals.

METHODOLOGY—The accelerometric motion de-
tection system consists of two small 3-axis sensors
attached to both corners of eyeglass frames to measure
head motion, and a sensor above each hip on a belt at
the waist. Also on the belt is a self-contained data-ac-
quisition package that digitally records sensor outputs.
An infrared remote control is used to command the
wearable unit, so the wearer is unencumbered by ca-
bles. Data are transferred for analysis to a fixed com-
puter using pattern-recognition algorithms. In a typi-
cal test, subjects perform 65 tasks in 8 categories
derived from qualitative balance assessment protocols,
including: stand eyes open, then closed, 15 sec; as-
cend stairs, turn, then descend; rise from and sit in
chair; normal walk 10 m; tandem (toe-to-heel) walk 3
m; walk over obstacles 1 m apart.

PROGRESS—The project is continuing application
of accelerometric body motion analysis to problems of
the elderly:
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Hardware Development. Advances in computer
and sensor technology have improved the size, speed,
and power consumption of the equipment. By chang-
ing the clock frequency of the microprocessor, data
sampling rates have been increased from 50/sec to
200/sec. Design of a second-generation computer with
built-in digital signal processing is underway.

Post-test Data Analysis. We are developing algo-
rithms for treating the head and trunk as coupled rigid
bodies, extracting rotation centers, and distinguishing
between gravitational and inertial components of ac-
celeration. A team of students at Stanford explored
pattern recognition applied to the acceleration signal,
resulting in a new algorithm for encoding repetitive
activities and a technique for identifying the transition
between motion patterns (e.g., standing and walking)
based on frequency content. We have also had a vol-
unteer engineer characterizing different strategies peo-
ple employ (particularly horizontal rotation of the
head or trunk) when reaching upward or to the side.

Building a Motion Database. We are expanding
the range of tasks to include: activities of daily living,
various kinds of perturbation, and disability-related
tasks such as walking with crutches or a cane. We
have measured standing tasks with simultaneous
accelerometric and force platform data acquisition, to
confirm the hypothesis that horizontal acceleration at
the waist 1s equivalent to change of center of pressure
on a force plate.

Expanding Range of Fall-prone Etiologies. We
are enrolling subjects having hip arthroplasty (these
patients are required to restrict flexion of the repaired
hip and so have distinct motion signatures during ris-
ing from a chair and climbing stairs), Parkinsonism,
post-hospitalization deconditioning, and post-stroke
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hemiplegia. To study actual falls in an unimpaired
young population, we have made a device for braking
a subject’s foot at a selected quartile of the gait cycle
while walking on a straight 10-meter padded course:
the object is to investigate how momentum is trans-
ferred to the trunk and head during the early (100 to
200 milliseconds) part of the induced fall.

Multi-site Research Collaborations. We have for-
malized the exchange of software, raw data, and inter-
pretation techniques among 12 groups of researchers
who have requested accelerometric motion analysis
equipment for testing of diverse elderly populations.
We are continuing to exchange data and procedural
information with collaborators at the Travelers Center
on Aging at the University of Connecticut Health Cen-
ter, the Motion Studies Laboratory at Cleveland VA
Medical Center, and Bolton School of Nursing of
Case Western Reserve University. We have recently

agreed to provide a system to Barbara Myklebust,
Zablocki VAMC, Madison, WI. Researchers at Yale
and Boston Universities will also receive equipment
on loan.

IMPLICATIONS—In addition to its use as a diag-
nostic and therapeutic tool for balance-impaired el-
derly individuals, real-time accelerometric pattern
analysis and feedback can be applied to prevention of
re-injury following occupational rehabilitation, and to
athletic training.

RECENT PUBLICATIONS FROM THIS RESEARCH

Accelerometric motion analysis of standing older subjects during
floor perturbation. Sabelman EE, Gadd JJ, Chesney D,
Winograd CH. In: Proceedings of RESNA International ’93;
1993 June; Las Vegas, NV. Washington, DC: RESNA Press.

[106] EFFECTS OF STRENGTH TRAINING ON FUNCTIONAL STABILITY OF OLDER

ADULTS

Jerome L. Brandon, PhD; Beth F. Sharon, MS; Lisa W. Boyette, MEd

VA Medical Center, Decalur, GA 30033

Sponsor: Departiment of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#E721-RA)

No report was received for this issue.

[107] BALANCE TRAINING IN ELDERLY FALLERS AND NONFALLERS

Carol Coogler, PhD; Steven Wolf, PhD
VA Medical Center, Decatur, GA 30033

Sponsor: Deparlment of Velerans Affairs, VA Rehabilitation Research and Developmment Service, Washington, DC 20420 (Project

#ES542-RA)

No report was received for this issue.

[108] APPLICABILITY OF ACCESSABILITY CODES TO MEET THE NEEDS OF

ELDERLY PEOPLE

Jon A. Sanford, MArch; Ronald L. Mace, FAIA
VA Medical Center, Decatur, GA 30033

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#I629-RA)

No report was received for this issue.
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[109] AGE-RELATED CHANGES IN THE TRICEPS SURAE STRETCH REFLEX AND

POSTURAL CONTROL

Steven L. Wolf, PhD; Richard L. Segal, PhD
VA Medical Center, Decatur, GA 30033

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#E723-RA)

No report was received for this issue.

[110] AGED MUSCLE METABOLIC ADAPTIONS TO RESISTANCE EXERCISE

Jane F. Hopp, PhD; David A. Scalzitti, MS, PT; Daniel J. Brauner, MD; Alvar Svanborg, MD, PhD
Department of Physical Therapy and Department of Medicine, University of lllinois at Chicago, Chicago IL, 60612; West Side VA
Medical Center, Research and Development Service, Chicago, IL 60612

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#E724-RA)

PURPOSE—The specific aim of this project is to
determine the effects of age and race on skeletal mus-
cle contractile performance and anaerobic metabolism
during high intensity resistance exercise. This work
will result in the development of strengthening pro-
grams that will improve skeletal muscle force generat-
ing capacity and the physical capacity of old persons.

METHODOLOGY—Healthy Caucasian and African
American men, 20 to 35 years of age (adult) and 69
years of age and older (old) participate in this study.
Forces produced by the subjects’ right quadriceps
femoris muscles are measured using an electrome-
chanical dynamometer during a single bout of maxi-
mal isokinetic resistance exercise and during 12
weeks of high intensity resistance training. Needle
biopsies of the subjects right vastus lateralis muscles
are performed prior to and following the exercise bout
and prior to and following the 12 weeks of training.
Anaerobic substrate and metabolite concentrations are
determined in mixed and single fast- and slow-twitch
muscle fiber preparations.

PROGRESS—Investigation of quadriceps femoris
muscle group force production and vastus lateralis an-
aerobic metabolism in adult and old Caucasian and
African American men during a bout of 35 maximal
contractions performed at an angular velocity of 3.14
radians/second have been completed. The findings
have been reported in previous progress reports. In-

vestigation of the effects of 12 weeks of high intensity
isotonic resistance training of the quadriceps femoris
muscle on the muscle groups force production and on
vastus lateralis muscle anaerobic metabolism are
being conducted in adult and old Caucasian and Afri-
can American men. Training is performed at 80 per-
cent of the muscle groups one repetition maximum (1
RM).

RESULTS—Preliminary results suggest that the per-
cent increase in quadriceps femoris RM following 12
weeks of high intensity resistance training is similar in
both the adult and old groups. Prior to and following
training and every 2 weeks during training, however,
the 1 RM muscle force in the adult group is signifi-
cantly higher than in the old group. The old group 1
RM following training was similar to the adult group
1 RM prior to training. In addition, in the adult group,
the increase in 1 RM muscle force occurs during the
first 4 weeks of training. In contrast, in the old group,
the increase in 1 RM does not occur until the last 8
weeks of training. Similar increases in adult and old
vastus lateralis muscle adenosine triphosphate, cre-
atine phosphate, and glycogen concentrations oc-
curred during training. There was no effect of race on
the results.

Thus, 12 weeks of high intensity resistance train-
ing results in a significant increase in quadriceps fem-
oris muscle strength and vastus lateralis muscle anaer-
obic substrate concentrations in healthy, untrained
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adult and old Caucasian and African American men.
However, when during the training period the increase
in strength occurs appears to be different in adult and
old individuals.

RECENT PUBLICATIONS FROM THIS RESEARCH

Effects of age and gendcr on quadriceps femoris muscle force
production during a bout of isokinetic exercise. Scalzitti DA,
Pidcoe PE, Brauner DJ, Svanborg A, Hopp JF. Phys Ther
1994:74:520.

[111] AGE-RELATED CHANGES IN OPEN-LOOP AND CLOSED-LOOP POSTURAL

CONTROL MECHANISMS

James J. Collins, PhD; Carlo J. DeLuca, PhD; Adam Burrows, MD; Lewis A. Lipsitz, MD
NeuroMuscular Research Center, Boston University, Boston, MA 02215; Harvard Medical School, Boston, MA 02114; Hebrew

Rehabilitation Center for Aged, Boston, MA 02131

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Developinent Service, Washington, DC 20420 (Project

#1:720-RA)

PURPOSE—In an earlier posturographic study, we
demonstrated that the natural aging process is associ-
ated with significant changes in the quasi-static dy-
namics of the postural control system. The objective
of this study was to determine whether or not some of
these age-relatcd differences in postural control may
have been due to subtle, undctected disease in the
elderly subjects.

METHODOLOGY—A physician trained in gcriatric
mcdicine performed a complete medical evaluation of
the 25 elderly subjects (aged 71 to 80 years) included
in our carlier study. Specific attcntion was paid to
clinical findings associated with impaired balance and
gait. An independent panel of geriatric specialists with
expertisc in falls established a priori criteria for in-
creased risk of impaired balance. Subjects who met
criteria for potential balance impairment were desig-
nated as ‘at risk for falls’. The other subjects were
classified as ‘healthy’. Thirteen of thc 25 elderly sub-
jects included in the study were classified as ‘at risk
for falls’. Consequently, wc separated the population
of elderly subjects into two groups: ‘healthy’ elderly

(N=12) and ‘at-risk’ elderly (N=13). Standard statisti-
cal analyses were used to perform pairwise compari-
sons between the posturographic results for both el-
derly groups and a population of 25 nondisabled
young subjects (aged 19 to 30 years).

RESULTS—We found that the steady-state behavior
of the open-loop postural control mechanisms in the
‘at-risk’ elderly was significantly different from that
of the ‘healthy’ elderly. We also found that the num-
ber of posturographic parameters indicating signifi-
cant young-elderly differences in variance and group
mean, respectivcly, was reduced substantially with the
separation of the aged population into the two groups.
This latter result confirms the need for using careful
screening procedures and strict inclusion criteria in
future posturographic studies of older persons.

RECENT PUBLICATIONS FROM THIS RESEARCH
Age-related changcs to opcn-loop and closed-loop postural control

mechanisms. Collins JJ, DcLuca CJ, Burrows A, Lipsitz LA.
Exp Brain Res. In prcss.
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[112] VESTIBULAR SYSTEM DYSFUNCTION AND QUIET-STANDING POSTURAL

CONTROL

James J. Collins, PhD; Carlo J. DeLuca, PhD; Rudi J.C. Buijs, MSc; E. Wusteney; J. Friedman
NeuroMuscular Research Center, Boston University, Boston, MA 02215; Braintree Hospital, Braintree, MA 02184

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#E720-RA)

PURPOSE—Dysfunction of the vestibular system ad-
versely affects the performance of activity. It is partic-
ularly debilitating to the execution of skilled motor
tasks. The objective of this project was to evaluate the
ability of stabilogram-diffusion analysis to discrimi-
nate between healthy individuals and patients with
bilateral vestibular deficits (BVD).

METHODOLOGY—We examined 12 patients with
BVD recruited from Braintree Hospital. Each
patient’s postural stability was evaluated by using a
force platform to measure the movements of the cen-
ter of pressure (COP) under his/her feet. The patients
were tested under eyes-open conditions for multiple
30-sec trials. The COP trajectories were parameter-
ized according to stabilogram-diffusion analysis. In
order to evaluate the ability of stabilogram-diffusion

analysis to discriminate between healthy individuals
and patients with BVD, we utilized discriminant func-
tion analysis. We developed a preliminary computer
program based on this technique, and applied the anal-
ysis to the BVD population and to a sample of age-
matched healthy individuals.

RESULTS—We found that the above procedure was
able to achieve good to excellent classification results
in determining whether a subject is a member of a
BVD patient population or a member of a healthy
population. Preliminary results showed that it was
possible to achieve an 88 percent correct classification
rate based on four stabilogram-diffusion parameters.
This work suggests that stabilogram-diffusion analysis
may be capable of detecting impairment to an
individual’s vestibular system.

[113] EFFECTS OF MUSCLE STRENGTH ON BALANCE DURING MOVEMENT IN

THE ELDERLY

Melissa Gross, PhD; Carol Winograd, MD
VA Medical Center, Ann Arbor, M1 48105

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#E642-RA)

No report was received for this issue.

[114] DOES LEG STRENGTH INFLUENCE RISING FROM A CHAIR IN OLDER

ADULTS?

Neil B. Alexander, MD; Mian Ju Gu, PhD; Miri Branch, MS; Al B. Schultz, PhD; James A. Ashton-Miller, PhD;

M. Melissa Gross

Geriatrics Center, University of Michigan, Ann Arbor, M1 48109-0010; GRECC Department of Veterans Affairs Medical Center, Ann

Arbor M1, 48105

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Developtnent Service, Washington, DC 20420 (Project

#E760-RA)

PURPOSE—D:ifficulty in rising from a chair is a sig-
nificant problem for many older veterans. The purpose

of this research is to investigate, biomechanically,
why many older persons have chair-rise difficulty.
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METHODOLOGY—In order to more fully under-
stand the muscle strengths required to rise from a
chair, we strove to analyze the joint torque strengths
used to rise in a series of chair-rise tasks that presum-
ably varied in level of difficulty. We then examined
the success or lack of success in performing the chair-
rise tasks, and when subjects were successful, the
muscle strengths used to rise. Finally, we compared
the knee extension torques used to rise with the actual
maximal voluntary knee extension strengths available.
We hypothesized that the joint torques used would not
differ substantially between different tasks and be-
tween the young and the old for each task. If there was
any difficulty with a task, as defined by the inability
to successfully perform a chair-rise task, we hypothe-
sized that the difficulty would not be due to insuffi-
cient muscle strength available.

We analyzed healthy young adults (YA, n=22,
mean age 22), healthy old adults (OA, n=23, mean age
71) as they rose from an instrumented laboratory chair
under carefully controlled conditions. Subjects per-
formed 12 chair-rise tasks that were designed to in-
crease in difficulty as seat height, handle use, foot
support, and rise speed were varied. Using an opto-
electronic camera system to acquire joint motion, and
force plates at the seat and feet, we calculated the
maximum joint torque strengths (MT) at the ankle,
knee, and hip used during the rise. We also compared
knee MT used to the maximum available knee torque
strength measured isokinetically on the MERAC dy-
namometer at 120°/s.

PROGRESS—Initial data analyses have been com-
pleted for MT and range of motion used. Pending
analyses of additional variables include hand force
magnitude and direction, force asymmetry at the
hands and feet, momentum, kinetic energy, center of
mass and center of reaction excursions, and joint an-
gular velocity.

RESULTS—Most OA successfully rose during all
tasks, except when the foot support was reduced to a
narrow beam (success rate 9 percent OA vs. 82 per-
cent YA, p<0.001). There were few age-related differ-
ences in MT used to rise during each task, although
the lowered seat required increased MT in both
groups. The MT used by the YA to successfully rise
on a narrow beam was within the range of MT demon-
strated by the OA on other successful rises.

The mean isokinetic torques were significantly
lower in the OA than the YA (81 vs. 130 Nm in
extension, p<0.001). The percent of maximum avail-
able knee strength used for each task was higher in the
OA than the YA (YA range 19-49 percent, OA range
35-87 percent, p per task generally <0.001).

IMPLICATIONS—Healthy YA and OA do not differ
in the leg strengths that they use to perform a series of
chair-rise tasks. Both apparently have sufficient
strength to perform even the most challenging rise
tasks. Nevertheless, there are situations where OA
have adequate strength to rise from a chair but are
limited by other factors, perhaps postural control. OA,
as compared to YA, generally utilize a greater per-
centage of their knee strength available to rise from a
chair, sometimes near maximal levels. Consequently,
there are situations where large amounts of strength
are required, such as when rising from a low seat; frail
OA with insufficient leg strength may be unable to
rise in these situations.

RECENT PUBLICATIONS FROM THIS RESEARCH

Does leg strength influence rising from a chair in older adults?
Alexander NB, Gu MJ, Branch M, Schultz AB, Ashton-Miller
JA, Gross M. Gerontologist 1994:34:319,
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[115] DO CHANGES IN STRENGTH INFLUENCE MEASURES OF BALANCE AND

FUNCTION IN ELDERLY MEN AND WOMEN?

Gary Kochersberger, MD; Julie Chandler, MS, PT; Pamela Duncan PhD, PT; Stephanie Studenski, MD, MPH;

Margaret Schenkman, PhD, PT

Extended Care Rehabilitation Center, Durham VA Medical Center, Durham, NC 27705; Graduate Program in Physical Therapy,
Duke University, Durham, NC 27706; Center on Aging, University of Kansas Medical Center, Kansas City, KS 66103

Sponsor: Departinent of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#E661-RA)

PURPOSE—Our purpose was to test whether lower
extremity strength gains are associated with im-
provements in balance and function in frail elderly
men and women. Specifically we predicted that
strength gains would be associated with improvement
in measures of balance (latency, sway, and functional
reach) and measures of functional performance (6-min
walk, 10-m walk time, mobility skills, and chair rise).

METHODOLOGY—We recruited 100 persons (50
men, 50 women) 65 and older who reside in the com-
munity and meet criteria for frailty (functional impair-
ment defined as inability to ascend/descend stairs step
over step without holding onto railing). Exclusionary
criteria included: any lower extremity amputation, ter-
minal cancer, progressive or other major neurologic
disease, unstable angina or other cardiac disease, or
the primary physician disapproval of patient’s partici-
pation in exercise program.

We tested this population with measures of
strength (isokinetic and isometric dynamometry), bal-
ance (sway and tibialis anterior latency, functional
reach), physical performance (6-min walk, 10-m walk
time, and chair rise), and disability (MOS-36 and Falls
Efficacy Scale). These were recorded before and after
a 10-week trial during which the exercise group was
supervised in a lower extremity strengthening pro-
gram in their homes and the control group continued
their normal routine. After the 10-week control pe-
riod, controls were offered the exercise intervention.
Those who took this option were asked to return for a
third testing session after the exercise intervention
ended. These data will be not be used in the primary
analysis but will be used for validation of models
proposed in the primary hypothesis and for secondary
questions.

PROGRESS—AII 100 persons (50 men, 50 women)
completed testing by June 1994. All data has been

double entered and cleaned for data entry errors. Thir-
teen participants dropped out of the program for
health-related reasons. The mean age of the partici-
pants was 77.6 (£7.4, range 66 to 97), mean education
was 10.3 years (+4.2), 66 percent were white, 34 per-
cent black, mean cognition was 24.31+4.1 as measured
by the Folstein Minimental State Exam. Multivariate
logistic regression techniques were used to examine
whether change in strength is related to change in the
dependent variables described above after controlling
for age, depression, cognition, and baseline level of
strength. A correlational analysis on the baseline data
was used to determine the most appropriate measure
of strength for use as the independent variable in the
multivariate analysis.

RESULTS—Results show that the home-based
strengthening exercise program was effective in in-
creasing strength in this population. (p<0.05). Prelim-
inary analysis show that change in strength was a
significant predictor of change in mobility skills
(p=0.007), after controlling for age, depression, base-
line strength, and level of frailty. In addition, strength
gain appears to be a significant predictor (p=0.05) of
improvement in chair rise ability in the most frail
participants but not in those who were higher func-
tioning. Point estimates lack precision due to a rela-
tively small sample size. Strength change was not a
significant predictor of change in functional reach,
static sway, 10-m walk time, or 6-min walk distance.
In addition, change in the more distal outcome mea-
sures, Falls Efficacy Scale, and the MOS-36 (question
3) was not predicted by change in lower extremity
strength. Thus, results indicate that a home-based
strengthening program is effective in increasing
strength in a frail, community-dwelling elderly popu-
lation and that increasing strength is linked to im-
provement in chair rise and mobility skills but not to
improvement in walking or balance tasks.
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FUTURE PLANS—More studies are needed to fur-
ther elucidate the relationships among impairment,
physical performance, and disability in community-
dwelling elders. Future studies should carefully target
the population that has the greatest potential for
change in the specific performance tasks of interest.
Our study suggests that, although all participants were
functionally impaired, those that demonstrated greater
deficits in functional performance may have benefited
the most from strength training. Future studies should
be directed toward identifying the most appropriate
population for the target intervention in order to clar-
ify relationships between impairments and disability.

[116] DEMONSTRATING THE EFFICACY OF MEMORY TRAINING

Gerald Goldstein, PhD
VA Medical Center, Pittsburgh, PA 15206

RECENT PUBLICATIONS FROM THIS RESEARCH

Choosing outcome measures that refleet physieal performance.
Dunecan PW, Rose D, Chandler JM, Studenski S. Gerontologist
1994:34(10):151.

Choosing the best strength measure: How do we eapture the ef-
fects of strength training in a frail population? Chandler JM,
Dunean PW, Studenski SA, Rose D. Gerontologist
1994:34(10):151.

Predietors of strength gain following lower extremity exercise in
frail elders. Vandenburg P, Dunean P, Studenski S, Chandler J,
Sanders L. Gerontologist 1994:34(10):152.

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project
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No report was received for this issue.

[117] MANIPULATING JOINT COMPLIANCES AND GROUND REACTION FORCES

TO PREDICT FALLING POTENTIAL: A PILOT STUDY

Charles Robinson, DSe; Gyan Agarwal, PhD; Mark Redfern, PhD

VA Medical Center, Pittsburgh, PA 15206

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Pilot Project
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[118] SWALLOWING DYSFUNCTION IN ELDERLY HEAD AND NECK CANCER

PATIENTS

William B. Ershler; James Coyle, MS; Charles Ford; Paul Harari; JoAnne Robbins
William S. Middleton Memorial Veterans Hospital, Madison, Wi 53705; University of Wisconsin, Madison, Wl 53706

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#E726-GA)

PURPOSE—Surgery, and curative radiotherapy, are
primary interventions for carcinomas of the head and

neck region. Patients who have received either or both
types of treatments for their tumor are often left with
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latrogenic impairments. While residual impairments,
including dysphagia, after surgical treatment are docu-
mented, radiotherapy-induced functional changes are
not. In addition, the relationship between patients’ nu-
trition, speech production, and quality of life have not
been systematically assessed. The purpose of this
study is to describe the types of dysphagia in head and
neck cancer patients after resection or radiotherapy,
and the relationship of the treatment to the concurrent
speech, immunological, or quality of life problems.
A second objective is to determine whether pre-
treatment function is a predictor of post-treatment out-
come.

METHODOLOGY—The protocol called for assess-
ment of swallowing, speech, immunological, and
quality-of-life outcomes in head and neck cancer sub-
jects, at three points in time: before definitive cancer
intervention (baseline), immediately after this treat-
ment, and at an interval after complete recovery. The
subjects were recruited from two populations: those
receiving surgery as their primary intervention, and
those receiving curative radiotherapy.

Swallowing. Videofluoroscopic swallowing stud-
ies were performed at each interval. Parameters se-
lected to assess functional change during the study
were bolus velocity and durations of discrete phases
of the oro-pharyngeal swallow. Preliminary findings
suggest systematic differences between the two
groups at the follow-up interval in both parameters.
Radiation-treated subjects produced greater bolus ve-
locities after recovery than they did before treatment,
whereas surgically treated subjects remained slower.
Both velocity and duration measures supported this
finding. Spontaneous compensatory strategies em-
ployed by the subjects may have produced these
changes.

Speech. Video and audio taped recordings of sub-
jects were collected at each data point, with each sub-
ject producing sentence and conversation level utter-
ances. Eight novice listeners were trained to judge
‘“understandability’” of these recorded speakers, by
writing the words understood from the sentence task,

Geriatrics

and by rating the sentence and conversation level task
using a four point scale. Preliminary data suggest that
listeners rate their ability to understand unintelligible
speakers higher than their actual ability to understand
them, and that most treated oral cancer subjects are
relatively understandable after recovery, despite
marked changes in acoustic intelligibility.

Immunological. Data were collected at the first
and final data points. In virro assays performed were:
(a) mononuclear cell fraction (T and B cell enumera-
tion (FACS)), mitogen response (ConA, PHA, and
pokeweed mitogen), and natural killer cell function
(cytotoxicity and K562 targets); and (b) plasma frac-
tion, consisting of immunoglobulin level, and specific
antibody (anti-influenza). To date, findings indicate
compromised immune function in cancer subjects
prior to treatment.

Quality of Life. Data were collected at the first
and final data points. Each subject completed the
Functional Assessment of Cancer Therapy instrument.
This instrument was chosen as it targets cancer pa-
tients. Preliminary data suggest that cancer patients
deny significant quality-of-life deficits before and
after treatment, and that most problems encountered
relate specifically to physical changes; loss of taste
and salivary function among radiation subjects or re-
duced swallowing ease and appearance among surgery
subjects.

PROGRESS—Twenty seven subjects underwent ini-
tial assessment for this protocol, 16 completed the
protocol, and 11 were excluded after treatment or lost
to follow up.

FUTURE PLANS—AnR abstract of the findings has
been submitted and accepted for presentation in a
technical session at the American Speech Language
Hearing Association annual conference in November
1994. In addition, data collection from new head and
neck cancer patients receiving radiotherapy as a cura-
tive modality continues, and a |- to 2-year follow up
of the original subjects will be attempted.
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[119] EFFECTS OF AGE ON OROPHARYNGEAL SWALLOWING

JoAnne Robbins, PhD; Ross Levine, MD; Todd Kennell, MD; Jennifer L. Wood, MS; Ellen Roecker, PhD
William S. Middleton VA Hospital, Madison, WI 53705; University of Wisconsin Medical School, Madison, WI 53792;

University of Wisconsin, Madison, WI 53705

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420

(Project #E727-2RA)

PURPOSE—The long-term objective of this project
is to increase understanding of the effects of aging on
swallowing physiology in an effort to advance the
diagnosis and treatment of swallowing disorders in
age-related disease. One of the hypotheses to be tested
is that maximum tongue strength differs for young and
old nondisabled individuals and that this decline in
isometric pressure generation puts older individuals at
risk for dysphagia.

PROGRESS—Our preliminary data set for two
groups of nondisabled men (GP 1=25 years, GP 2=75
years) has been analyzed. That experiment was con-
ducted using the Iowa Oral Performance Instrument
(IOPI) to measure lingual pressures at the tip, blade,
and dorsum. Pressures were recorded at each site dur-
ing two tasks: maximal isometric gestures and saliva
swallowing. Videofluoroscopic recordings of swal-
lowing with radiopaque pellets fixed to the tongue tip,
blade and dorsum were obtained as were MRI scans of
the brains of participants.

RESULTS—The work confirmed our hypothesis that
maximal lingual pressures decline with age. Only the
blade placement site was significantly reduced in the
older group with dorsum and tip pressures tending to
be lower with increased age as well. Peak swallowing
pressures did not decline with age; however, the dif-
ference scores (maximal isometric pressures minus
swallowing pressures) significantly differentiated the
groups. This difference score comparison may be in-
terpreted to reflect changes in ‘‘functional reserve’’
with increased age. These findings suggest that older
individuals, who are more likely than the young to
encounter a condition that may compromise oromotor

function (stroke, degenerative disease, and so forth),
are more at risk for dysphagia.

While the IOPI, a single air-filled pressure-
sensitive bulb served our preliminary purpose, devel-
opment of an intraoral instrument designed specific-
ally to measure tongue strength simultaneously at the
tip, blade, and dorsum is under way in our laboratory.
Preliminary testing of flexible plastic air-filled bulbs
of discrete sizes that measure pressures as applied by
the tongue against the hard palate at multiple points
along the midsagittal line appear promising. Prelimi-
nary measurements can be made statically (isometric)
and modifications for dynamic (during a swallow)
pressure measurements are necessary.

FUTURE PLANS—Development of an intraoral
pressure sensitive instrument designed for use during
swallowing will continue to completion. Also, kine-
matic analyses of the videofluoroscopic swallow stud-
ies are underway to determine the relationship be-
tween lingual pressure and bolus transit as a function
of age.

RECENT PUBLICATIONS FROM THIS RESEARCH

Swallowing after lateral medullary strokec syndrome (plus). Rob-
bins JA, Levine RL. Clin Commun Dis 1993:3(4):45-55.

Swallowing after unilateral cerebral stroke. Robbins JA, Levine
RL, Mascr A, Rosenbek JC, Kempster GL. Arch Phys Med
Rchabil 1993:74:1295-1300.

Study of dysphagia trcatment cfficacy. Robbins JA, Logemann JA.
Dysphagia 1994:9:88-9.

Aging effects on lingual pressure generation as a risk factor for
dysphagia. Robbins JA, Levine RL, Wood JL Roecker EB,
Luschei ES. J Gerontol. In press.

Penetration-aspiration scale. Rosenbek JC, Robbins JA, Roecker
EB, Coyle JL, Wood JL. Dysphagia. In press.
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Barbara M. Myklebust, PhD; Joel B. Myklebust, PhD; Thomas E. Prieto, PhD; Norman C. Reynolds, Jr., MD
Laboratory of Sensory-Motor Performance and the Neurology Service, Zablocki VA Medical Center, Milwaukee, WI 53295;
Department of Neurology, Medical College of Wisconsin, Milwaukee, WI 53226; Department of Biomedical Engineering, Marquette

University, Milwaukee, WI 53233

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Project

#A390-3RA)

PURPOSE—Our goal is to establish an integrated
understanding of sensory-motor performance changes
in aging, and to differentiate between performance
deficits in nondisabled elderly controls and fallers.
Performance measures in controls define a template
against which to compare deficits in elderly persons
who fall or are unsteady. We hypothesize that: 1)
objective performance measures differ between
healthy elderly subjects and fallers; 2) elderly subjects
are heterogeneous in the type and extent of perfor-
mance changes; 3) falling is a multifaceted problem,
which differs bctween people; and 4) biomechanical
and neurophysiologic changes become risk factors for
falls in the elderly; compensatory mechanisms are
used to cope with deficits.

METHODOLOGY—We evaluate performance mea-
sures in controls and fallers from the VA Nursing
Home Care Unit and the community using the neuro-
logical cxam, objective measures of reflexes, joint
compliance, voluntary rcaction times, SSEPs, standing
balance, gait, and standard questionnaires about activ-
ity level, self-perception of steadiness, and falls his-
tory.

PROGRESS—Our studies of performance diffcr-
ences in the elderly suggest that some risk factors for
falls may be gender-specific. We have redcfined risk
factors for falls: impairments in sensation; dys-
synergia; absent/impaired DTRs; significantly im-
paired ankle compliance; delayed voluntary reaction
times; slowness/variability in gait kincmatic mea-
sures; limited toe clearance; large standing sway ve-
locities; and significantly limited exercise tolerance.

RESULTS—We have tested 27 fallers and 102 con-
trols (45 years and older); 66 subjects are 65 to 75
years. Longitudinal studies have been performed on
42 subjects.

Neurologic Examination. Neither longitudinal nor cross-
sectional studies have shown decreased gross muscle

strength in the healthy elderly. Glabellar and palimomental
reflexes and dyssynergia are not uncommon. DTRs of 52
controls (65-75 years) are unremarkable in 60 percent of
the cases, and depressed or absent in 40 percent. EMG
recordings demonstrate reciprocal excitation in 5 cases,
and reflex irradiation in 22.

Gait Studies. Cross-sectional and longitudinal analysis of
free speed walking of 61 controls (65 to 87 years)
demonstrates: slowed kinematic measures with increasing
age; increased gait cycle duration and percent stance time;
decreased stride length and velocity by approximately 27
percent; and shorter stride lengths and lower velocities in
females than males up to 75 years. Most subjects demon-
strated at least one deviation in tandem walking, sensa-
tion, SSEP, reflexes, joint compliance, voluntary reaction
times or standing sway area and/or velocity.

Postural Steadiness. We characterize balance with mea-
sures of center of pressure with eyes-open (EO) and eyes-
closed (EC). Our studics show: significant age-related
changes in time- and frequency-based measures; 45 per-
cent decrease in mean velocity of sway in healthy elderly
subjects; more age-rclated changes with EC than with EO;
and many significant measures are noncollinear and non-
correlated, suggesting that morc than one process causes
age-related changes.

Voluntary Movements. Voluntary reaction times and peak
velocity of movement are significantly reduced in elders.
Some subjects are unable to make fast plantarflexions to a
20 dcgree target.

SSEPS. In 58 subjects, onset latency of the SSEP is signif-
icantly prolonged. Latcncies are even more prolonged
with vibratory/proprioceptive deficits.

Controls versus Elderly Fallers. Cerebellar signs, delayed
or absent SSEPs, and decreased reflexcs are common
among fallers. Voluntary ankle movements are very slow,
with significant variability. Joint compliance and gait ki-
nematics are significantly impaired.

FUTURE PLANS-—Targeting patients at risk for
falls is key to injury prevention. Heterogeneity of sen-
sory-motor performance is a feature of healthy eldcrs.
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We test relationships among performance deficits that
differentiate healthy elders and fallers. Our goal is to
identify predictive markers of risk factors for falls to
guide therapeutic interventions to minimize fall risk.

RECENT PUBLICATIONS FROM THIS RESEARCH

Characterization and modeling of postural steadiness in the el-
derly. Pricto TE, Myklebust JB, Myklebust BM. 1EEE Trans
Rehab Eng 1993:1:26-34.

Evaluation of postural steadiness measures with age and neuro-
logic disease. Prieto TE, Myklebust JB, Myklebust BM,

[121] AARP EVALUATION OF ASSISTIVE DEVICES FOR THE BATHROOM

Margaret A. Wylde, PhD
ProMatura Group, Oxford, MS 38655

Sponsor: American Assocation of Retired Persons

PURPOSE—The purpose of this study is to improve
the quality of life for older adults by providing a body
of information about assistive devices for the bath-
room and their benefits and limitations for mature
consumers and caregivers. The main objectives are to:
1) identify and describe abilities, problems, and solu-
tions of mature consumers regarding their ability to
perform bathing and toileting activities with and with-
out use of assistive devices; 2) identify, describe, and
provide a list of sources for aids for bathing and toilet-
ing; 3) evaluate and compare the benefits and limita-
tions of specific assistive devices for bathing and toi-
leting when used by mature consumers and caregivers;
4) evaluate and comparc the construction, installation
procedures, maintenance and cleaning requirements of
assistive devices for the bathroom; and 5) analyze
input from letters written by mature consumers about
their experiences in overcoming obstacles when bath-
ing and toileting.

METHODOLOGY—There were four major compo-
nents to the study. First, a meeting of manufacturers
of assistive equipment for bathing, showering, and
toileting was held to inform manufacturers of the
study, gain their input and insight into the design of
the study, and to solicit their participation. Second, all
of the assistive equipment submitted by manufacturers
was reviewed by a panel consisting of formal car-
egivers, older adult informal caregivers, and ITD re-

Milkowski L. Scicntific and Engincering Applications of the
Macintosh SEAM "93 Technical Conference; CD-ROM, 1993.
Hyper-reflexia and disordered voluntary movement. Gottlieb GL,
Myklebust BM. In: Thilmann AF, Burke DJ, Rymer WZ, eds.
Spasticity: mechanisms and management. Berlin: Springer-

Verlag, 1993:155-66.

Postural control as a nonlinear dynamical system. Myklebust J,
Prieto T, Myklebust B. Scientific and Engineering Applications
of the Macintosh SEAM ’93 Technical Confercnce; CD-ROM,
1993.

Effect of an abdominal binder during wheelchair exercise. Kerk
JK, Clifford PS, Snyder AC, et al. Med Sci Sports Ex. In press.

Somatotopic mapping of thc human primary motor cortex with
functional magnetic resonance imaging. Rao SM, Binder JR,
Hammeke TA, et al. Neurology. In press.

searchers with the objective of identifying criteria and
features important for preparation and use of the prod-
ucts and selecting product features to be evaluated by
end-users. Third, features of assistive equipment for
bathing, showcring, and toileting were evaluated by a
population of 32 older adults representative of likely
end-users of such products. Researchers gathered data
to provide consumers, caregivers, professionals, and
Home Aide volunteers with comparative information
about products and their usability, to help them make
informed choices about products that can help prevent
injury and provide convenience, independence, and
safety. And fourth, letters from AARP Bulletin read-
ers were solicited to learn difficulties they have cn-
countered in using the fixtures and features of their
bathrooms, information about any methods and/or
products they have used or purchased to help alleviate
problems, and specific information about the product,
whether or not it has been effective, and their recom-
mendations for others based on their experienccs.

PROGRESS—A report documenting the procedures
and results of this study has been sent to AARP, and
ProMatura will continue the support of the AARP
liason who will write a consumer report based on the
results of this study.

RESULTS—AARP will release the results in a con-
sumer product report.
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[122] WHITE MATTER HYPERINTENSITIES

Geriatrics

Helena Chui, MD; Scott Grafton, MD; James Bading, PhD; Chris Zarow, PhD; Lee Willis, PhD
Geriatric Neurobehavior and Alzheimer Center, Rancho Los Amigos Medical Center, University of Southern California, Downey, CA

90242

Sponsor: National Institute on Aging

PURPOSE—This recently funded investigation con-
stitutes a component project for a much larger re-
search program, entitled, Thc Aging Brain: Vascula-
ture, Ischemia, and Behavior. The purpose of this
project is to conduct an interdisciplinary, prospective,
longitudinal, and hypothesis-driven investigation of
the pathophysiologic and functional significance of
white matter signal hyperintensities (WMSH), a
highly prevalent finding in brain MRIs of both normal
and demented clderly persons.

METHODOLOGY—Several pathophysiologic mod-
cls of WMSH will be tested using quantitative struc-

tural imaging, physiologic imaging (PET) and neuro-
pathologic findings. A novel sensory-motor reaction

time paradigm will also be used to test a functional
model of WMSH.

PROGRESS—Accomplishments since the inception
of the project in October of 1994 have focused primar-
ily on the development and implementation of a state-
widc sample recruitment program. The goal is to iden-
tify a prospective subjcct pool of between 1,000 and
2,000 individuals, 55 years of age or older.

[123] USE OF TECHNOLOGY SERVICES TO MAINTAIN EMPLOYMENT AMONG

PEOPLE AGING WITH A DISABILITY

Don McNeal, PhD; Nancy Somerville, BS

Rancho Rehabilitation Engineering Program, Rancho Los Amigos Medical Center, Downey, CA 90242

Sponsor: National Institute on Disability and Rehabilitation Research

PURPOSE—Workers with a disability drop out of the
labor force in increasing numbcrs as they age. This
may be due, in part, to deteriorating physical condi-
tions of disabled workers. While the impact of latc
onset physical complications on employment has been
relatively unexplored, it is believed that many of these
decreasing abilities can be offset by the provision of
appropriate job accommodations, and that thcsc ac-
commodations will prolong the potential for employ-
ment of workers with disabilities. The purposes of this
study are to document the changing needs for job
accommodations as individuals with disability age,
and to assess the currcnt level of unmet need for
accommodations. This project, undcr the Rehabilita-
tion Research and Training Center (RRTC) on Aging
with a Disability, will focus on individuals who have
a prior history of poliomyclitis and those who have
rheumatoid arthritis. In addition, individuals with spi-
nal cord injury will be included through an identical
project supported through the RRTC on Aging with
Spinal Cord Injury.

METHODOLOGY—Information about accommoda-
tion needs will be gathered through a questionnaire
and personal interviews. One hundred and fifty sub-
jects who are working or have been unemployed less
than 2 years will be recruited from the RRTC shared
database. Of the total, 50 subjects from each of the
three disability categories will be recruited. For each
participant who is currently working, a worksite eval-
uation will also be conducted to assess current needs
and determine if there are accommodations that will
meet these needs. Results of the data collection will
be disseminated and possible strategies for providing
job accommodation services will be identified.

PROGRESS—A consumer advisory committee was
formed. Working with this committee, the instruments
were developed. A pilot test of these materials is un-
derway. Sample selection criteria were established.
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[124] ROLE OF TRAINING TO ENHANCE UTILIZATION OF IN-HOME SUPPORT: A

COMPARISON BETWEEN OLDER HISPANICS AND ANGLOS WITH A DISABILITY

Judith M. Mitchell, PhD

Rehabilitation, Research and Training Center on Aging, Rancho Los Amigos Medical Center, Downey, CA 90242

Sponsor: National Institute on Disability and Rehabilitation Research

PURPOSE—This project will investigate the use of
paid in-home support by Anglo and Hispanic older
adults with functional impairment or disability, and
identify the preferred sources of support and methods
of service delivery. Based on these empirical findings,
a training program will be developed to enhance suc-
cessful use of in-home care by both Anglos and His-
panics. This project was undertaken as one method of
preventing premature institutionalization of disabled
elderly individuals and assisting them to remain in
their own homes.

METHODOLOGY—Data collection and training de-
velopment will occur in three phases. Phase I of the
project will use a field study design to collect infor-
mation on the problems and needs of disabled older
adults who now use in-home support services. Data
will be collected in the three categories: service deliv-
ery preferences, psychological issues and concerns as-
sociated with using in-home supportive services, and
preferred levels of family and professional involve-
ment. Utilizing the findings from Phase I, Phase II
will develop training programs to educate older adults

on the successful use of paid in-home support. These
programs will include relevant knowledge about the
services, and skills and techniques to utilize services
effectively and comfortably. In Phase III, training pro-
gram effectiveness and outcomes will be tested by
assessing satisfaction with training and the application
and outcomes of skills and knowledge learned.

PROGRESS—Accomplishments since project in-
ception in August 1993 have been the creation and
Spanish translation of the interview questionnaire,
composed of 75 percent created questions that address
the crucial domains and variables of service delivery
and preferences when using a paid attendant, and 25
percent existing scales to measure personality traits,
psychological state, social and family integration, and
acculturation. For future participant recruitment pur-
poses, contacts have been established with senior citi-
zen organizations that serve either Hispanic or Anglo
elders, and a list of Rancho Los Amigos Medical Cen-
ter geriatric patients seen over 5 years has been com-
piled into a database.

[125] ASSESSMENT OF RESIDENTIAL CARE FACILITIES AS AN ALTERNATIVE

COMMUNITY SERVICE MODEL FOR DISABLED OLDER ADULTS

Judith M. Mitchell, PhD

Rehabilitation, Research and Training Center on Aging, Rancho Los Amigos Medical Center, Downey, CA 90242

Sponsor: National Institute on Disability and Rehabilitation Research

PURPOSE—The purpose of this project is to investi-
gate how residential care facilities for the elderly
(RCFEs) operate as a community-based service model
for disabled older adults no longer able to remain in
their homes. The goals of the project are to: determine
how well RCFEs accommodate the needs of residents
with varying degrees of physical limitations or dis-
ability; provide a comprehensive understanding of ac-
tivities provided by RCFEs and what physical, psy-

chosocial, and empowerment dimensions they ad-
dress; and examine the interrelationships between fa-
cility traits and services, and resident characteristics
and resources, as they influence outcomes of resident
health and psycholgical well-being.

METHODOLOGY—This study will combine an en-
vironmental assessment of RCFEs with a needs as-
sessment of residents. RCFEs to be included in the
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survey will be recruited from Los Angeles and Orange
County. These two counties contain approximately
one-third of all RCFEs within the state of California.

PROGRESS—A consumer-oriented research advi-
sory committee was created to allow a format for
consumer and service provider input on this project,

Geriatrics

and an opportunity to incorporate their expertise into
the project’s development to insure its practical rele-
vance. A computerized sampling pool of RCFEs
within Los Angeles and Orange County has been com-
piled and will be used for stratified sampling in the
future.

[126] VARIATIONS IN SECONDARY CONDITIONS, RISK FACTORS AND HEALTH
CARE NEEDS FOR FOUR GROUPS OF PERSONS AGING WITH PHYSICAL

DISABILITY

Margaret L. Campbell, PhD; Bryan Kemp, PhD

Rehabilitation Research and Training Center on Aging, Rancho Los Amigos Medical Center, University of Southern California,

Downey, CA 90242

Sponsor: National Institute on Disability and Rehabilitation Researcn

PURPOSE—Funded in 1993, the purpose of this
study is to respond to the gaps in our knowledge
regarding the new health problems and functional lim-
itations experienced by persons aging with cerebral
palsy (CP), polio, rheumatoid arthritis (RA), and
stroke, and the consequences of these secondary con-
ditions for quality of life outcomes and service needs.
These four disabling conditions were selected to rep-
resent differences in the average age or developmental
stage of the life course when disability occurs, ranging
from infancy (CP) and childhood (polio) to young
adulthood (RA) and mid- to later-life (ptroke). Spe-
cific objectives of the study include: 1) describing
variations in the type, prevalence, magnitude, and tim-
ing of secondary conditions; 2) documenting the im-
pact of functional health changes on social support,
family relations, community integration, productivity,
and psychological well-being, 3) examining race/eth-
nic differences and sociodemographic correlates of
who is most at risk for functional declines and identi-
fying the psychosocial and environmental factors that
mediate the negative consequences of these secondary
conditions, and 4) investigating the impacts of
changes/declines in functional health status, social
support, and community integration on utilization of
and need for health and supportive services.

METHODOLOGY—This study combines a cross-
sectional consumer survey with secondary analysis of
medical records, and utilizes a cross-sequential design
based on chronological age and duration of disability

(or age of acute onset) to detect variations in aging-
related changes within and between disability groups.
The study is being conducted in two phases. Phase |
involves the identification and recruitment of subjects
from two study populations: a clinic-based population
of approximately 1,500 low-income patients receiving
medical care from a county rehabilitation hospital and
a community-based population of approximately 800
patients receiving care through private physicians. To
be eligible for inclusion, candidates must meet mini-
mum age and duration of disability criteria which vary
by condition. Eligible subjects from Phase 1 will be
used as the sampling framework for Phase 2 and to
establish a longitudinal panel that can be followed
over time through medical records to assess changes
in health and functional status in a larger sample.
Phase 2 of the study involves the development and
implementation of a cross-disability survey instru-
ment. The survey will be conducted via telephone and
by face-to-face structured interviews with approxi-
mately 1,000 respondents randomly selected within
disability by gender, race/ethnicity, and chronological
age.

PROGRESS—Accomplishments to date include the
formation of a cross-disability consumer advisory
committee to involve consumers and family members
as decision-makers in all stages of the research pro-
cess, the completion of subject identification and cod-
ing of medical records in conjunction with develop-
ment of the Phase 1 clinic-based study population, the
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preliminary analysis of data from eligible clinic-based
subjects, and the development and pilot testing of the
interview protocol for the Phase 2 consumer survey.
Launching of the Phase 2 consumer survey will be
staggered across 6 months, beginning June 1995 for
the polio subsample and ending November 1995 for
the CP group.

RESULTS—Consistent with the life course perspec-
tive guiding this investigation, preliminary analyses of
clinic subjects identified to date suggest that the tim-
ing of acute onset of disability affects the life chances

of individuals. For example, members of the polio
(N=470) and RA (N=178) subsamples, with mean
ages of onset of 7.4 and 40.1 respectively, were signif-
icantly less likely to be married at time of baseline
coding compared to stroke patients (N=166) with an
average onset of 56 years.

RECENT PUBLICATIONS FROM THIS RESEARCH

Aging with long-term disability: a life course perspective. Camp-
bell ML. Maximizing Hum Potential 1994:1(3):1-3.

[127] STUDY OF POLICY BARRIERS IMPEDING USE OF ASSISTIVE TECHNOLOGY

BY PERSONS AGING WITH DISABILITIES

Phoebe S. Liebig, PhD; Debra J. Sheets, RN

Andrus Gerontology Center, University of Southern California, Los Angeles, CA 90089-0191

Sponsor: National Institute on Disability and Rehabilitation Research

PURPOSE—In 1993 the project on policies for aging
with disabilities (PAD) was funded to investigate cur-
rent policies and practices that affect the availability,
affordability, and utilization of assistive technology
that support employment and maintain community-
based living among middle-aged and older persons
with long-standing disabilities. Our focus is on the
acquisition and use of assistive technology: the equip-
ment items, product systems, or services that maintain
the independence and employment of persons aging
with disability by increasing, maintaining, or improv-
ing functional performance. We will describe patterns
of assistive technology use among persons aging with
disability; examine the relative impact of use; assess
unmet needs associated with changing functional sta-
tus; and document the extent to which current federal
and state policies and practices are responsive to these
needs.

METHODOLOGY—Data will be collected and ana-
lyzed at three levels through a consumer survey, a
national survey of state agencies, and through case
studies involving consumer and national state agency
respondents. Currently the consumer survey is in
progress and the national survey is in the early stages
of development. Case studies will be conducted in the

final phase of the project to fill in the gaps in our
knowledge identified in the earlier surveys.

The consumer survey employs a multimethod,
group comparison, cross-sectional design with pri-
mary data collection based on a cross-sectional retro-
spective survey of consumers. The sample consists of
four groups of persons aging with disability: rheuma-
toid arthritis (N=250), cerebral palsy (N=120),
postpolio (N=400), and stroke (N=225). The sample is
clinic and community-based and will be stratified by
age, gender, and race. Assistive technology devices
and services are grouped according to four major
functional needs: personal care, mobility, communica-
tions, and home modification. Our questions investi-
gate the following assistive technology issues: infor-
mation-seeking related to acquisition; use of devices;
funding patterns; maintenance/repair, customization,
and replacement; and unmet needs.

PROGRESS—The consumer survey is currently in
progress with data collection beginning in June 1995.
A report of preliminary findings will be available in
late 1995. Our national survey of state-level agencies
is in development with data collection beginning in
fall 1995. A report of our preliminary findings is pro-
jected for June 1996.
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FUTURE PLANS—A national mail and telephone
survey of state-level agencies providing assistive tech-
nology devices and services will be conducted in
1995. Our questions will include: types of assistive
technology services provided and eligibility require-
ments; working linkages with other agencies and pri-
vate sector organizations; programs of health profes-
sional, provider, and consumer education and

Geriatrics

outreach; mechanisms for periodic assessment of
changing needs; and financing mechanisms.

RECENT PUBLICATIONS FROM THIS RESEARCH

Incorporating indcpendent living outcomes within rehabilitation
agencies: older disabled persons as an underserved populalion,
Sheets D). Wray LA, Delong F. J Phys Occup Ther, 1994, In
press.
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[128] COMPUTER-ASSISTED TREATMENT OF HEMI-INATTENTION IN R-CVA

PATIENTS

Jeffrey S. Webster, PhD; Payandeh Abadee, MD

Psychology Service and Rehabilitation Medicine Service, VA Medical Center, Long Beach, CA 90822

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420

(Project #8610-2RA)

PURPOSE—A primary risk factor for falls among
right hemisphere stroke patients (R-CVA) is hemi-
inattention (e.g., neglect, hemispatial neglect) to left
space. Previously we showed the effectiveness of
using our computer-assisted training program to teach
subjects to compensate for neglect-related problems
during simulated, high accident, risk activities (e.g.,
wheelchair propulsion), and thus to reduce patients’
accident proneness. Presently, we are in the first stage
of comparing the effectiveness of large versus small
screen projections of the computer-assisted program
on accident rates.

METHODOLOGY—Subjects were wheelchair-
bound, R-CVA patients who showed hemi-inattention
to left space. With the aid of computer programs,
subjects were trained to sit at true vertical, systemati-
cally scan into left space, and to fully scan into left
hemispace while performing computer simulations of
risky activities, including propelling a wheelchair
through a cluttered runway. Computer simulation has
been used so that training could begin even if the
subject could not drive a wheelchair at the outset of
therapy. Subjects were alternately assigned to receive
this training using either: a CRT screen or an LCD
image projected onto a 6’ x 8 screen. Training was
initiated within the first week of admission to the
rehabilitation service.

PROGRESS—We have screened 25 subjects for the
study; training was completed with 16 subjects who
met criteria for participation. In addition, we have
completed a training manual and revised computer
programs to make them more user friendly.

114

RESULTS—Eight subjects completed training in
each of the described conditions. We have just begun
preparation to analyze differences between training
conducted on the small versus the large screen. Initial
findings continue to support the effectiveness of train-
ing on the large screen in reducing patients’ falls.

FUTURE PLANS—We plan to continue training pa-
tients on the small computer monitor system in order
to compare findings with the projection LCD system.
In addition, we are preparing to begin Phase 2 of the
study, which will involve training OT’s in the use of
the system.

RECENT PUBLICATIONS FROM THIS RESEARCH

Predictors of falls among right-hemisphere stroke patients in the
rehabilitation setting. Rapport LJ, Webster JS, Flemming K, et
al. Arch Phys Med Rehabil 1993:74:621-6.

Effect of attentional bias to right space on wheelchair mobility.
Webster JS, Rapport L], Godlewski MC, Abadec PS. J Clin Exp
Neuropsychol 1994:16:129-37.

Hemispatial neglect in simulated wheelchair obstacle course per-
formance. Roades LA, Webster JS, Morrill B, Rapport LJ,
Lopez, M. Clin Ncuropsychologist 1994:8(3):347.

Indices of hemispatial deficits on the Rey figure copy. Rapport LJ,
Dutra RL, Webster JS, Charter R, Morrill B. Clin Ncu-
ropsychologist 1994:8(3):347.

Spatial attentional factors associated with digit span performance
in hcmispatial neglect. Rapport L], Webster JS, Dutra R. Neu-
ropsychologia 1994:32(5):517-26.

Spatial and attentional factors underlying digit span performance
and hemineglect. Rapport L], Webster JS, Dutra R. Clin Neu-
ropsychologist 1994:8(3):349-50.
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[129] BICYCLE ERGOMETRY TO IMPROVE AMBULATION IN HEMIPLEGIC

STROKE PATIENTS

David A. Brown, PhD, PT; Charles G. Burgar, MD
VA Medical Center, Palo Alto, CA 94304

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420

(Project #B763-RA)

PURPOSE—Hemiplegia is a major consequence of
stroke that contributes to significant movement dys-
function. One primary goal of rehabilitation is to re-
store symmetrical control over force production out-
put and timing in the lower extremities. Rehabilitation
of bilateral, lower extremity function in hemiplegic
persons will result in improved daily function for
many activities (i.e., standing, walking, and stair
climbing). Currently there are few, if any, rehabilita-
tion approaches that utilize biomechanical principles
of movement control as a basis for providing feedback
of performance to both the clinician and patient.

The application of our current understanding of
neuromuscular control of bilateral, cyclical move-
ments (such as pedaling an ergometer) should result in
improved methods for training hemiplegic persons to
efficiently regain lower extremity function. Our long-
range goal was to improve lower extremity function in
hemiplegic persons. We believed that this can be ac-
complished by training them to pedal an ergometer
more symmetrically. Our short-term objectives in this
I-year project included first identifying pedaling as-
ymmetries in six hemiplegic persons, then demonstrat-
ing improvement of symmetrical pedaling perfor-
mance, and, finally, demonstrating improved gait
parameters after 9 weeks of a pedaling exercise regi-
men.

METHODOLOGY—Within the 1-year period, we
used existing experimental and computer modeling
methods developed in our laboratory. Ten hemiplegic
subjects pedaled an ergometer modified to provide
added comfort and safety. Pedal reaction forces were
measured by dual strain gauge transducers mounted in
each pedal. Comparisons of pedal force variables (i.e.,
maximum peak force amplitude and phase, and single
limb work output) were made between both lower
extremities.

After the pedal force asymmetries were charac-
terized, the hemiplegic subjects underwent one of two
training protocols designed to demonstrate improve-

ment in symmetrical force production. One group
(seated) trained by pedaling on a seated ergometer
with feedback of force symmetry performance over 27
training sessions. The other group (non-seated) ped-
aled while reclined against a backrest, without sitting
on a bicycle seat, and also received performance feed-
back. Improvement was evaluated by comparing base-
line measurements of pedaling variables with mea-
surements taken after the completion of the treatment
regimen. In addition, gait parameters such as speed,
step length, and reaction forces were compared before
and after the treatment period.

RESULTS—Evidence gathered in a small group of
hemiplegic subjects showed a strong correlation be-
tween motor recovery level and pedaling force sym-
metry. Further evidence supported the ability of stroke
patients to improve symmetrical force production
while pedaling an ergometer with visual force feed-
back. However, the symmetry is generally achieved in
only select phases of the pedaling cycle, most notably
the downstroke phase. Gait parameters of step length
and speed improved in both intervention groups; how-
ever, the most significant changes occurred in the
nonseated pedaling group. Further evidence for im-
proved lower extremity function was provided by im-
provements in functional tasks such as stair climbing
and sideways walking.

FUTURE PLANS—Our results demonstrate improved
lower extremity function in persons with hemiplegia
who undergo at least 12 weeks of training on a bicycle
ergometer. Future studies must include: controlled trials
with patients in an acute setting, and studies that investi-
gate the efficacy of pedaling exercise as an adjunct to
traditional physical therapy regimens.

RECENT PUBLICATIONS FROM THIS RESEARCH

New method for improved pedal forces during pedaling in hemi-
plegia. Brown DA, Burgar CG. Dairaghi CA. In: Proceedings of



116

Rehabilitation R & D Progress Reports 1994

the American Academy of Physical Medicine and Rchabilita-
tion, November, 1993. Miami Beach, FLA.

Improving lower extremity force symmetry in individuals with
hemiplegia. Brown DA, Burgar CG, Kautz, Dairaghi CA, Dunn-

Gabrielli. In: Proeeedings of 12th International Gait and Posture
Meeting. Matsumoto City, Japan, October 1994,

[130] MUSCLE DENERVATION AND RECOVERY FOLLOWING PHENOL-INDUCED

PERIPHERAL NERVE BLOCK

Sue Bodine-Fowler, PhD; Joseph P. Davey, MD; Michael J. Botte, MD
VA Medical Center, San Diego, CA 92161-6002; Department of Orthopaedics, University of California, San Diego, School of

Medicine, La Jolla, CA 92093-9151

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420

(Project #8740-RA)

PURPOSE—Peripheral nerve block with phenol has
proven to be an invaluable tool for the management of
spasticity following stroke and traumatic head inju-
ries. It is generally thought that phenol produces an
axonotmetic lesion which subsequently produces a
temporary but reversible peripheral nerve block with-
out permanent loss of function. Clinical results, how-
ever, have shown a highly variable duration of action
and some cases of permanent muscle weakness. The
purpose of this study was to assess the recovery of the
soleus muscle following application of phenol to the
sciatic nerve of the rat. Two methods of application
and two concentrations of phenol were used to pro-
duce the peripheral nerve block and compared.

METHODOLOGY—Fifty adult Sprague-Dawley
rats were assigned to one of six experimental groups.
Half of the animals underwent sciatic nerve block by
intraneural injection of 20 pl of phenol and half were
blocked by perineural bathing of the nerve in phenol
for 20-30 min. For each application technique, three
different concentrations of phenol were used: high (7
percent) (N=10), low (3 percent) (N=10), and control
(0 percent) (N=5). In situ isometric and isotonic con-
tractile testing of the soleus muscle was performed at
8 weeks post block. In addition, the conduction veloc-
ity of the sciatic nerve was measured. Following test-
ing, the soleus muscle was removed and frozen for
immunohistochemical analysis. Monoclonal antibod-
ies against laminin and the isoforms of the myosin
heavy chain (MHC) were used to obtain fiber size and
fiber type of individual fibers. A two-way analysis of
variance was perfomed to assess the effect of applica-
tion method and phenol concentration. Significance
was chosen as o=0.05.

PROGRESS—We have completed these studies and
have found that peripheral nerve blocks with phenol
can cause extensive and permanent injury to the in-
jected nerve and denervated muscles. The extent of
the injury was strongly affected by the concentration
of phenol used, but not the application method. Based
on these studies, a low concentration (e.g., 3 percent)
would be preferred over a high concentration (e.g., 7
percent) for clinical application.

RESULTS—Application of phenol to the sciatic
nerve produced axonal degeneration and muscle de-
nervation. Eight weeks following the block, the mus-
cles distal to the nerve block had become reinner-
vated. The conduction velocity of the sciatic nerve
was significantly reduced in both experimental groups
8 weeks following the block: 38 percent of control in
the 3 percent phenol group and 35 percent of control
in the 7 percent phenol group. Contractile testing at 8
weeks revealed that the maximum isometric tension of
the soleus was significantly reduced following the
block. There was a significant effect of phenol con-
centration, but no effect of application method. The
Po of the 7 percent group averaged 37 percent of
control, while the Po of the 3 percent group averaged
69 percent of control. The mean fiber area of the
soleus was also significantly reduced. The fiber areas
of the 7 percent and 3 percent treated animals were 58
percent and 72 percent of control, respectively. The
speed characteristics of the soleus were moderately
affected. The maximum shortening velocity of the 7
percent and 3 percent groups was 141 percent
(p<0.001) and 115 percent (p=0.07) of control, respec-
tively. This shift in Vmax corresponded with a higher
percentage of fibers expressing fast MHCs.
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FUTURE PLANS—These data suggest that phenol
may produce an injury that damages the endoneurial
connective tissue resulting in more extensive damage
than previously expected. The damage produced by
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phenol is greater than that produced by a nerve crush.
Future studies will examine the mechanism of damage
and the specificity of reinnervation.

[131] COMMUNICATIVE PARTNERS: INTEGRATING APHASIC ADULTS BACK INTO

SOCIETY

Jon G. Lyon, PhD; Denise L. Cariski, PhD; Lois Keisler, BA; Johin C. Rosenbek, PhD; Ross Levine, MD; Jill Kumpula, BScOT;

Sarah Coyne BScOT; Carol Ryff, PhD

William S. Middleton Memorial Veterans Hospital, Audiology and Sp-eech Pathology, Madison, WI 53705

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420

(Project #C694-RA)

PURPOSE—Adults with acute aphasia typically re-
turn to residential settings with less use of lan-
guage/communication. What is more perplexing and
concerning is that this reduced use is often less than
existing capabilities. The decline of communicative
use in natural settings (i.e., a reduction or absence of
stimulus or response generalization) is often viewed
as a shortcoming of current treatment methods.
Whereas careful attention and management of vari-
ables that change from clinical to natural settings are
important, there is reason to question whether another
entity, psychosocial well-being, may be equally influ-
ential. That is, perhaps adults with aphasia fail to
communicate outside the clinical setting, NOT be-
cause they can’t, but because they view themselves as
either inadequately prepared or unworthy as a commu-
nicative or social partner.

The purpose of this study was to assess a novel
aphasia treatment plan aimed at enhancing communi-
cation and psychosocial well-being in such adults. The
novelty of this plan derives from the use of commu-
nity volunteers to establish activities of choice outside
the patient’s home.

METHODOLOGY—Treatment triads consisting of
an adult with aphasia (AWA), a community partner
(CP), and a prime caregiver (C), were enrolled in an
8.5 month, multiple-baseline design. Treatment was
divided into teaching community volunteers how to
communicate with a paired aphasic partner and under-
taking patient-selected activities in the community.
Planned activities in the community were idiosyn-
cratic to the aphasic partner’s desires (e.g., volunteer-
ing as a gardener, helping at a preschool daycare cen-
ter, taking adult noncredit art courses, or learning to

drive a car). Dependent variables included standard-
ized tests of language, communication, and psychoso-
cial well-being. Several nonstandardized tests were
included to assess communicative readiness and use
and psychosocial adjustments specific to their aphasia.

PROGRESS—Ten treatment triads have completed
the study to date; three more triads will finish the
study protocol in the next two months.

RESULTS—AVOVAs with repeated measures and
cross correlations between outcome measures were
completed on the existing data. The findings from
these analyses with respect to pre-/post-treatment
comparison were: 1) no statistical differences for stan-
dardized tests; 2) numerous statistical differences for
both nonstandardized tests (communication readiness
and use and psychosocial well-being) when analyzed
categorically according to question content; 3) Cs
noted greatest changes communicatively in AWAs’
readiness and use with strangers; AW As felt the great-
est changes in this realm came from use with family
members; 4) both AWAs and Cs indicated that AWASs
felt much better about life and themselves; and 5)
sustained participation in a chosen activity appears to
be a prime indicator in whether this treatment ap-
proach is beneficial or not.

IMPLICATIONS—Demonstrated improvement in
clinical treatments is no longer always sufficient to
justify their reimbursement. Such treatments, whether
oriented toward communication or not, often must en-
hance life as well. Communication Partners, as judged
from the preliminary analyses of the data, appears to
be one viable option in this regard.
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[132] FETAL TRANSPLANTS AND REPAIR OF STROKE IN ADULT AND AGED RATS

Gwendolyn L. Tillotson, MD, PhD

Hines VA Hospital, Hines, Illlinois 60141, Loyola University, Maywood, lllinois, 60153

Sponsor: Department of Veterans Affairs, VA Rehabilitation Research and Development Service, Washington, DC 20420 (Core funds)

PURPOSE—The purpose of this project was to inves-
tigate the possibility of fetal cortical transplantation
into adult and aged animals following focal ischemic
stroke. Stroke is a significant contributor to morbidity
and mortality and remains the third leading cause of
death in the United States with approximately 2 mil-
lion survivors left with permanent neurologic disabil-
ity. Although neuronal transplantation has been used
as an important research tool in various other condi-
tions, there are few research reports investigating the
role of neuronal transplantation in stroke. Since there
is no treatment for stroke at this time, the possibility
of fetal transplantation and providing functional re-
covery after stroke is being investigated.

METHODOLOGY—Long Evans, black hooded rats
were used for these experiments. Anesthestized adult
or aged animals were placed in a stereotaxic instru-
ment. Using an operating microscope, a craniotomy
was made in the parietal bone and the distal branches
of the middle cerebral artery were identified. The ar-
tery was followed to the region of the rhinal sulcus
where a permanent occlusion was made using
microcautery. One week after this procedure, animals
were reanesthetized and donor tissue from rat fetuses
(gestational age 14 to 16 days) was grafted into the
stroke region. The animals were then returned to their
own cages and after an 8-week survival period the
animals were reanesthetized and neuronal connectivity
between host and donor tissue was studied using ei-
ther an anterograde tracer, biocytin, or a retrograde
tracer, fast blue.

PROGRESS—The feasibility of this project has been
proven in that animals were found to survive stroke
lesions permitting the ability to graft fetal neuronal
tissue after a 1-week survival period. Furthermore, the
grafts were found to grow and develop within the
ischemic region.

RESULTS—Our preliminary results show that simply
implanting one fetal block of tissue into an ischemic
region is not adequate. Therefore, in future experi-
ments we will exclusively use two to three blocks of
fetal tissue per animal. To date 15 adult animals have
undergone ischemic lesions, received transplants, and
undergone anatomical tracing methodology. Results
indicate that the host tissue sends afferent fibers into
the graft tissue. These have been found to be cholines-
terase positive fibers as well as serotonergic fibers.
Furthermore, preliminary results show that the fetal
graft tissue is unable to send neuronal fibers out of the
graft tissue into the surrounding host tissue.

FUTURE PLANS—The focal stroke model for neu-
ronal transplantation has been successfully developed.
We will continue to work on the anatomical studies to
determine transplant afferent and efferent connectiv-
ity. Furthermore, methods to enhance efferent connec-
tivity with the host brain will be developed. Another
important measure to be studied in the future is a
behavioral test to show possible behavioral effects of
transplant tissue following stroke as an indicator of
functional recovery after ischemic lesions.

[133] QUANTIFICATION OF UPPER LIMB SYNKINESIS IN HEMIPARETIC

SUBJECTS

Daniel Bourbonnais, PhD; Patrick Boissy, PMSc; Denis Gravel, PhD; Bertrand Arsenault, PhD; Nathalie Brulé, OT;

Chrisitine Kaegi, PT

Centre de recherche, Institut de réadaptation de Montréal, Montréal, Québec H3S 2J4, Canada

Sponsor: Health and Welfare Canada, Extramural Research Programs; Fonds de recherche en santé du Québec Montréal

PURPOSE—Synkinesis observed in patients with a
cerebro-vascular accident consists of involuntary

movements of the paretic limbs following an effort on
the affected or unaffected side. It has been observed
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that the capacity of hemiparetic patients to control
these synkineses is an index of their motor recupera-
tion. In addition, treatment approaches currently used
to ameliorate motor performance of hemiparetic pa-
tients are aimed at reducing the synkinetic movement,
or used to promote movement. Considering their clin-
ical importance, the purpose of this project is to elab-
orate a method, based on static measurements of
torques exerted at two joints, to quantify synkinesis in
hemiparetic subjects.

METHODOLOGY—A dynamometer was con-
structed to measure torques exerted simultaneously at
the shoulder and at the elbow in all anatomical planes.
Orthogonal arm and forearm forces were recorded
with strain gauge transducers. Using a desktop com-
puter and an acquisition card, force values were sam-
pled at a frequency of 100Hz. Lever arms were mea-
sured and the torques exerted at the shoulder and
elbow calculated in real time using static equilibrium
equations.

During the experiment, hemiparetic (n=10) and
nondisabled (n=5) subjects were asked to exert one
maximal voluntary contraction (MVC) in flexion-
extension, adduction-abduction at the shoulder and in
flexion-extension at the elbow on the paretic side. A
hand-held dynamometer, interfaced with the com-
puter, was used to measure maximal grip force on the
unaffected side. Using visual feedback, subjects were
instructed to exert a 5-second force ramp reaching to
100 percent of their maximal grip force. Three trials
were repeated at |1-min intervals.

RESULTS—Dynamometric measurement of orthogo-
nal torques exerted simultaneously at the shoulder
(flexion-extension [S1], adduction-abduction [S2], in-
ternal-external rotation [S3] and elbow (flexion- ex-
tension [E1], pronation-supination [E2] were used as
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measures of synkinesis. Mean torques recorded at
maximal exertion in S3 internal rotation were larger in
hemiparetic than in nondisabled subjects. However,
the only difference in torque that was significant
(p<0.05) was E1 and Sl (flexion). Hemiparetic sub-
jects were then divided into two groups (moderate
[MD] and severe disorder [SD] based on their Fulg-
Meyer score for the upper limb (t-test=-5.162,
p<0.01). Univariate ANOVAS revealed that SD sub-
jects had greater synkinesis in E1 (flexion) than MD
and normal subjects at maximal contralateral grip ex-
ertion (F[2, 12]=11.38, p<0.01). Average synkinesis
in E1 (flexion) for SD subjects represented 94 percent
of their maximal voluntary torque in elbow flexion on
the paretic side.

IMPLICATIONS—The results of this study indicate
that synkineses recorded during a contralateral grip
task are more pronounced at the elbow and that they
vary with the degree of motor performance of the
patient.

FUTURE PLANS—As a long-term goal, we hope
that the method and technologies described here will
contribute to the evaluation of these patients as well as
ameliorating the rehabilitation treatments offered to
this population.

RECENT PUBLICATIONS FROM THIS RESEARCH

Method for thc quantification of synkineses in hemiparetic sub-
jects. Boissy P, Bourbonnais D, Brule N, Keagi C, Goyettc M.
In: Proceedings of the 2nd Conférence nationalc de recherche en
réadaptation: recherches évaluatives, 1993.

Characterization of upper limb synkineses in hemiparteic subjects.
Boissy P, Bourbonnais D, Brule N, Keagi C. Neurosci Abstr,
1994,

[134] PROSPECTIVE STUDY ON THE USE OF BOLUS INTRATHECAL BACLOFEN

FOR SPASTIC HYPERTONIA DUE TO ACQUIRED BRAIN INJURY

J.M. Meythaler, JD, MD; Michael J. DeVivo, DrPH

University of Alabama at Birmingham, Spain Rehabilitation Center, 3irmingham, AL 35233

Sponsor: National Institute on Disability and Rehabilitation Research

PURPOSE—The goal of this research is to determine
if the intrathecal delivery of baclofen will decrease

spastic hypertonia due to brain injury. Baclofen, 4-
amino-3 (p-chlorophenyl) butyric acid, is structurally
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similar to gamma-amino-butyric acid (GABA) and
binds to presynaptic GABA-B receptors within the
brainstem, dorsal horn of the spinal cord, and other
central nervous system sites. The oral form of bac-
lofen has had poor success in the treatment of patients
with spastic hypertonia secondary to brain injury. Oral
baclofen reaches relatively low concentrations in the
spinal cerebrospinal fluid, even after large oral doses
due to its incomplete penetration across the blood
brain barrier. The result is a low concentration of the
drug at the site of action within the nervous system.
Thus, many patients experience central side effects
such as drowsiness or confusion at the dosages re-
quired to reduce spasticity. Recently, continuous infu-
sion of intrathecal baclofen has been reported to be
useful in treating spastic hypertonia of spinal origin.
The delivery system consists of a subcutaneously
placed pump with a reservoir. The pump 1s program-
mable to deliver various rates of medication via a
catheter placed in the lumbar space. It not only de-
creases spastic hypertonia but has been reported to
reduce detrusor-sphincter dyssynergy. The intrathecal
delivery of baclofen to the lumbar area concentrates
the medication in the lower area of the spinal cord
cerebrospinal fluid at a much higher level than attain-
able via the oral route. Thereby, it avoids the cogni-
tive side effects of oral delivery such as drowsiness,
confusion, and lethargy.

METHODOLOGY—Eleven patients, more than 1
year out from their brain injury with disabling lower
extremity spastic hypertonia, were randomized in a
double blind, placebo-controlled cross over study to
receive a bolus injection of either intrathecal normal
saline or 50 pg of baclofen. Data for Ashworth rigid-
ity scores, spasm scores, and deep tendon reflex
scores were collected for both the upper extremities
(UE) and lower extremities (LE). Changes over time

were assessed via Friedman’s test. Differences be-
tween the placebo and active drug at any given time
were assessed via Wilcoxon signed-rank.

RESULTS—Four hours after injection with the active
drug (maximum effect) the average LE Ashworth
score decreased from 4.2+1.0 to 2.110.8 (p<0.001),
spasm score from 2.9%1.1 to 1.1+0.8 (p<0.001), and
reflex score from 3.340.7 to 1.0£1.4 (p<0.001). The
average UE Ashworth score decreased from 3.3%1.5
to 1.9x1.0 (p<0.001), spasm score from 1.8£1.5 to
0.6x1.1 (p<0.01), and reflex score from 2.7+0.7 to
1.720.4 (p<0.01). No trend was observed over time
with placebo administration. There were significant
reductions in the average for LE Ashworth (p<0.005),
spasm (p<0.005), and reflex (p<0.005) scores and for
UE Ashworth (p<0.005) and spasm (p<0.025) scores
observed over 4 hours time (maximum effect) with
active drug administration. No significant differences
were noted between before active drug or placebo
administration in the LE Ashworth scores, or LE and
UE spasm or reflex scores. The (.2 point difference in
UE Ashworth score is not clinically significant. There
were significant differences between the active drug
and placebo at 4 hours after administration for LE and
UE Ashworth, spasm and reflex scores (p<0.01).

FUTURE PLANS—Intrathecal injection of baclofen
is capable of lowering the spastic hypertonia associ-
ated with brain injury. Further studies to evaluate the
use of continuous infusion pumps similar to those
used in patients with in-spinal related causes of spas-
tic hypertonia is clearly the next step.

RECENT PUBLICATIONS FROM THIS RESEARCH

Use of intrathecal baclofen in brain injury patients. Meythaler JM.
Arch Phys Med Rehabil, 1994:75:1036.

[135] PREVENTION OF THROMBOEMBOLISM IN STROKE REHABILITATION

PATIENTS

David Green, MD, PhD
Rehabilitation Institute of Chicago, Chicago, IL 60611

Sponsor: National Institute on Disability and Rehabilitation Reseach

PURPOSE—Deep vein thrombosis and pulmonary
embolism are important causes of morbidity and mor-

tality in patients who have survived a recent stroke.
Complicating the efforts of rehabilitation is a vulnera-
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bility to thromboembolism, which has been shown to
affect 60 to 75 percent of elderly stroke patients. This
study compares two methods of thromboprophylaxis
(calf compression boots and low molecular weight
heparin) to see which is most safe and effective. The
end points will be to determine efficacy as the pres-
ence or absence of thrombus, as defined by venous
flow studies, venography, positive V/Q scan, or pul-
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monary angiography, to determine the safety by the
presence or absence of bleeding, either intracranmial
(positive CT scan or MRI), or elsewhere (decline in
hematocrit of >5 percent, hcmoglobin >2 g).

PROGRESS—Currently, 12 subjects have been en-
rolled in the study and subject recruitment is continu-
ing. It 1s too soon for any conclusions.

[136] COMORBIDITIES AND COMPLICATIONS IN STROKE: INCIDENCE, RISK

FACTORS, AND EFFECTS ON OUTCOMES

Elliot Roth, MD; Allen Heinemann, PhD
Rehabilitation Institute of Chicago, Chicago, IL 60611

Sponsor: National Institute on Disability and Rehabilitation Resear:i

PURPOSE—Individuals who sustain a stroke may be
as disabled by the consequences of associated medical
conditions as by the stroke itself. This study is de-
signed to investigate clearly and systematically the
incidence, risk factors, and impact on rehabilitation
outcomes of pre-existing conditions and medical com-
plications of stroke.

The major goal of this study is to develop a risk
assessment technique to enable clinicians to identify
stroke patients at risk for medical complications and
to determine the effects of medical problems on reha-
bilitation outcome. Specifically this project will:

1. Describe the prevalence of pre-existing medical
conditions, laboratory abnormalities, and second-
ary intercurrent medical conditions in individuals
with stroke;

2. Investigate the predictive accuracy of the occur-
rence of pre-existing conditions and existing illness
severity scales for assessing risk of acute complica-
tions during rehabilitation;

3. Develop and evaluate a complication risk assess-
ment index specific to the rehabilitation setting;
and

4. Determine the interdependence between thc pre-
existing conditions, secondary complications, reha-
bilitation outcomes, and cost effectiveness of reha-
bilitation.

PROGRESS—Currently, there have been 412 new
stroke patients enrolled into the stroke database. Pre-
liminary data analysis is underway, although it is still
too soon to draw any conclusions.

[137] COURSE OF RECOVERY OF COGNITIVE-COMMUNICATIVE PROBLEMS IN

RIGHT-BRAIN-DAMAGED INDIVIDUALS

Leora R. Cherney, PhD; Anita S. Halper, MA
Rehabilitation Institute of Chicago, Chicago, IL 60611

Sponsor: National Institute on Disability and Relabilitation Reseach

PURPOSE—Historically, it was assumed that only
left hemisphere damage resulted in language deficits
while right hemisphere damage had no important ef-
fect on communication. However, recent evidence
suggests that the right hemisphere makes an important

contribution to language processing, and it is now
widely acknowledged that right hemisphere stroke
also results in impairments in communication. Right
hemisphere communication impairments are believed
to result from underlying deficits in attention, mem-
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ory, and perception. However, the precise relationship
between communication impairment and deficits in
these cognitive processes is not well understood. Ap-
propriate rehabilitation interventions cannot be de-
signed until a better understanding of the relationship
between communication and these cognitive processes
emerges. There also is very little data regarding the
course of recovery of cognitive-communicative prob-
lems in patients with right hemisphere damage. In-
creased knowledge about the rate, amount, and pat-
terns of recovery of communication problems in right
hemisphere stroke patients is needed to facilitate the
selection of effective rehabilitation interventions.

The purpose of the present study is to describe
the variety of communicative impairments associated
with right hemisphere stroke, measure the natural his-
tory of changes in communicative effectiveness over
time, and assess whether subgroups of right hemi-

sphere communicatively impaired patients might be
identified as a function of underlying deficits in atten-
tion, memory, and/or perception or of lesion location.

PROGRESS—Subject recruitment has been progress-
ing steadily. The charts of all consecutive admissions
to RIC with unilateral right hemisphere stroke are
reviewed weekly. At this time, 20 subjects have met
the criteria for the project: a total of 16 subjects have
been recruited and have participated in the initial eval-
uation session. Of the 11 subjects who are eligible for
the 6-month follow-up session, 8 have been retested.
In addition, 12-month testing has been completed on
one subject. Preliminary data analysis is also under-
way. The transcripts from all subjects have been tran-
scribed. They are presently being segmented into
smaller units (T-units), and scored in terms of infor-
mational content and cohesion.

[138] THE PREDICTIVE VALUE OF COGNITIVE/BEHAVIORAL MEASURES IN

PATIENTS AFTER STROKE IN ASSESSING FUNCTIONAL OUTCOME

Kristi Kirschner, MD; Rebecca Goodman, PhD
Rehabilitation Institute of Chicago, Chicago, IL 60611

Sponsor: National Institute on Disability and Rehabilitation Reseach

PURPOSE—The major objective of this study is to
examine the efficacy of neurological tests in predict-
ing functional outcome for stroke patients. A battery
of neuropsychological tests will be administered to
each subject early post-stroke. Functional outcome
will be measured at 1, 3, 6, and 12 months post-stroke.
Analyses will be done to determine the critical vari-
able or set of variables related to functional outcome.

METHODOLOGY—Subject sample. Aphasics were
excluded from some previous studies. This study will
include aphasics, and the cognitive battery includes
tests which can be performed by these patients.

Study design. This study will be longitudinal instead of
cross-sectional.

Statistical strategy. A common strategy in previous stud-
ies was to put all the predictors into one correlational
analysis, then simply list the variables which had the
strongest correlation with outcome. We would like to do
further analyses, where indicated, to get a more precise
picture of the role of cognitive abilities in functional inde-
pendence.

A broad range of cognitive domains will be
tested, allowing us to determine if there are critical,
limiting cognitive factors.

PROGRESS-—Subject recruitment is underway. It is
still too early to draw any conclusions.
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[139] REDUCING MOTOR DISABILITY IN HEMIPARETIC STROKE BY
MANIPULATION OF SENSORY INPUT FROM THE PARETIC UPPER LIMB: A

QUANTITATIVE EVALUATION

Jules Dewald, PT, PhD; Joseph Given, PhD
Rehabilitation Institute of Chicago, Chicago, IL 60611

Sponsor: National Institute on Disability and Rehabilitation Reseach

PURPOSE—The disability of the upper limb after a
hemiparetic stroke is often perceived as one of the
most frustrating experiences by stroke survivors.
There are well defined reasons for the disproportion-
ate impact of cerebral stroke in upper limb function,
such as the greater relative area of cortex devoted to
upper limb control coupled with the fact that arm
motions play a major role in activities of daily living.
A large number of neurotherapeutic techniques claim
that the effect of their respective interventions creates
the best results. However, because of the absence of
quantitative measures to evaluate the effect of these
therapeutic interventions on limb motor behavior, lit-
tle progress towards the determination of the optimum
intervention protocols for impaired limb motion has
been made.

The broad objective of our research is to quantify
how sensory input can reduce disturbed muscle syner-
gic relations and/or spasticity and thereby improve
function of the impaired limb.

PROGRESS—To study disturbances in muscle
coactivation patterns observed after stroke during iso-
metric contractions in different directions and of dif-
ferent magnitudes, sensory manipulations with topical
drugs which create skin analgesia have been initiated;
however, results are still inconclusive because the eu-
tectic drug mixture of Lidocaine and Prilocaine
(EMLA) hasn’t been examined yet.

In our focus on the determination the optimum
sensory stimulation parameters for spasticity reduc-
tion in hemiparetic stroke subjects, we have studied
the effects of transcutaneous muscle and skin electri-
cal stimulation on the severity of spastic hypertonia in
the upper limbs of adult spastic hemiparetic subjects.
Several electrical stimulation parameters have been
investigated over the course of the last 12 months to
determine the optimum stimulation procedures for the
reduction of spasticity in the upper extremity of
hemiparetic stroke subjects. In that period we have
examined a total of 6 hemiparetic subjects. For the

current grant, experimental data has been collected
during 12 experimental sessions from these 6 subjects.

Pre-stimulation torque responses of the impaired
upper limb were measured during slow ramp perturba-
tions of the elbow from our hemiparetic test popula-
tion and compared with torque responses obtained im-
mediately following stimulation over the antagonistic
muscle. In addition, EMG signals of biceps,
brachioradialis, and triceps muscles were collected for
subsequent analysis. The electrical stimulation was
applied to skin over the biceps muscle for a period of
10 min at a 20 Hz frequency, with an intensity level
below motor threshold but above sensory threshold.
The joint extension protocol was performed<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>